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SIMILAR SOLUTIONS FOR THE COMPRESSIBLE LAI’vHNAR BOUNDARY LAYER WITH HEAT
TRANSFER AND PRESSURE GRADIENT IO‘

By CLAItFINCDB. COHEN and ELI RESHOTKO

SUMMARY

Sf%wart80n’8transjormaiion i3 applied to tie Lzminarcom-
prewible boundary-layer equti and tlw requirement of
timilan”tyb introduced,resulting in a set of ordinary nonlineap
differeniia.1equu$iorwpreviowdy quoted by S’tewart.wn, bwt
unsolved, The reqwh?mem%of the system are Pmndti number
of 1.01k’neapmkcosiiy-temperatureT&?h.ti5nacross th4bounda~
layer, an isohwnal wqfa.ee, and the partiadar dixtrilndti
of free+?wam velocity e0n&9&n.twith simiikr 6olutwn3. Thi3
.qJ8temadmii%axiul pressure padients of arbitrary nuqmitude,
heat$wx normal to the surface, and arbitrary Mach numbers.

The SL18t4mof di#er&ial equations @ trarwformed to an
inti@ qiatem, with the velocity & a the independent
rarhbb. For this s@em., solutions are found ~ digitul com-
putationfor pressure gradti varying from thai causiq
~eparaiion to tlu injinit.ely favorable gradient and for waU
temperaturesfrom ab801@ zero to twice the free-8treamstagna-
tion tmperaiure. Some soluiti for separatedjmw ape also
presented,

.For favorabb premure gradiem%,the 8olu$ifm8are unique.
For adver~epI essure gradient8, wh+?rei%? 801w%?n..9are not
unique, two of the inJini#efamily of po88iblc 8oluti0n4 are
identi.iied m the only aoluti0m3yieldi~ jinite dtiplacenwni
i’hickne88es. For the we of favorable prewure gradienti with
heated wrz%, the vPboity wilhin a portion of the boundary
laper i8 shown to txxeed the I?oca-?ext.mmdvekmity. The rariu-
tion of a Rwlds anuhgy parameter, which indicat.a the
ratio of skin friction to heat tramfer, ti from zero to 7,J for a
6v@ace of temperature twice the free-stieam stagnation temper-
ature, and fpom zero to 3.8 for a &wfaa held a.$ab80k?e ZWO,
where the value $ applies to a w plul.a.

INTRODUCTION

Factors that affect the development of Iaminar boundary
layers me pressure gradient, Mach number, and heat trans-
fw, plus the properties of the fluid under consideration.
Since mathematical complexities preclude solutions of this
problom in a completely general fashion, the literature con-
sists largely of solutions treating particular combinations of

these factms. For the flow of an ideal gas over a surface
without pressure gradient, the remaining factors have been
taken into account completely by Clroceo (ref. 2) and Chap-
man and Rub An (ref. 3). For small pressure gradients,
Low (ref. 4) has, by a perturbation analysis, treated the gen-
eral problem of the isothermal surface. With the introdu~
tion of pressure gradients of arbitrary magnitude, other
restrictions become necessary. The assumption of constant
fluid properties (densi@, viscosity, etc.), for example, leads
to the greate9t simplification-the separation of the mo-
mentum and energy equations. With this assumption, for o .
special we of a decelerating stream, Howarth (ref. 5) has
obtained a series solution to the momentum equation. TIM
introduction of a similarity concept (that the velocity or
temperature profiles may always be espressed in terms of a
single parameter) leads to a power-law free-stream velocity
distribution. The momentum equation of this problem was
first solved by Falkner and Skan (ref. 6), whose calculations
were then improved by Hartree (ref. 7’); the energy equation
was later treated by Eckert (ref. S) and others (refs. 9 and
10). For the same problem the restriction of constant fluid
properties may be removed by alternatively requiring that
the Mach number be essentially zero (ref. 11) or that the
Mach number nnd the heat transfer be limited to small
vfduea (ref. 12).

Illingworth (ref. 13) and Stewartson (ref. 14) have dem-
onstrated that, for an insulated surface in a fluid with a
I+andtl number of 1.0, any compr=ible boundary-layer
problem may be transformed to a corresponding problem in
an incompressible fluid; the earlier solutions thus become
applicable to certain compressible problems. For the case of
heat flux across the surface, the transformation of Stewwrtson
(ref. 14) with the conoept of similarity introduced leads to a

set of nonlinear ordinary diilerential equations previously
quoted (ref. 14), but unsolved. Solutions to this set of
equations, which are presented herein, are applicable to
flows at arbitrary Mach number, pressure gradients of arbi-
trary magnitude (but of a form consistent with the requh+
menta of similari~), and arbitrary but constant wall tem-
perature?
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Since free-stream velocity distributions of the form re-
quired by similarity are not generally encountered in prac-
tice, the utility of these solutions is principally as follows:
(1) The effects of pressure gradient, wall temperature, and
Mach number may be viewed qualitatively; (2) the results
may be used as a check on any approximate method (such as
a Kfumhn-Poblhausen method) for reliability; (3) the flow
to be solved may be divided intuitively into segments, and
the solution for each segment may be matched by some
arbitrary technique; or (4) the results may be used to con-
struct a new simple method (of the integral type) for the
calculation of the laminar compressible boundary layer with
heat transfer. This latter analysis has been carried out,
utilizing the solutions herein given, and is presented in
reference 17.

STEW’ARTSON’SEQUATIONS
BOUNDARY-LAYBB EQUATIONS

The equations of the steady two-dimensional comprwible
laminar boundary layer for perfect fluids are:
Continuity:

;Z(w)+:(Pd=o

Momentum:

(1)

(2)

(All symbols are defined in appendix A.)
The viscosity law to be assumed is

(4)

Equation (4) is of the form taken by Chapman and Rubesin
(ref. 3), except that the reference conditions (jO,tO)are free-
st-reamstagnation values, since in the presence of preswre
gradient the local “external” values are not constant along
the outer edge of the boundary layer. The constant A is
used to match the viscosity with the Sutherland value at a
desired station. If this station is taken to be the surface,
assumed b be at constant temperature, the result is

(5)

where k,ti=Sutherland’s constant (for air, k,u=198.6° R).
The viscosity law of equations (4) and (5) was demon-
strated to be adequate for a flat plate (ref. 3) by compari-
son with the more exact c.dculations of reference 2. In
the present case no such comparison is available.

STEWARTSON’S TBANSFOEMATYON

The velocities in the equations of motion (1) to (3) can be
replaced through the definition of a stream function:

((h)
+==–!?!

PoJ
If the quantity k is introduced from equation (4), a slight

mod.iiication of %%vartson’s transformation may be written

Jj
(6b)

Y a’=— ‘~dy
GOPO

The transformed coordinates are now represented by upper-
case letters (X, n, and the subscript e refem to local condi-
tions at the outer edge of the boundary layer (external).
The subscript O refers to free-stream stagnation values.

Applying equations (4) and (6) to tie boundmy-lnyer
equations (1), (2), and (3) and assuming that Pr and CPme
constant (but not yet requirii that Pr= 1) result in the
following equations:

U.+V,=O (7)

Uux+vuy= U,u,x(l+s) +VOUYY (8)

‘sx+v’g=’o{
(9)

where the enthalpy function 8 is defined for convenience ns

(lo)

and h, is the local stagnation enthalpy. The stream function
has been replaced by the transformed velocities (U,V)
through the relations

u+=

v= –*X

The redting relation between the transformed and physiml

longitudinal velocities is U=: u.

The boundary conditions applicable to the system (7) to
(9) are:

U(x,o)=o

V(X,O)=O

S(X,O)=S. or &x,o)=(~)m] (11)
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The solution S=0 and the resultant continuity and mo-
mentum equations (7) and (8) make up the extremely useful
correlation developed by Stewartson between comprw.sible
rmd incompressible boundary layers on insulated surfaces
with F%= 1. Another special case is that of U.X=O. Thei,

, Tr.

‘f“=1)‘he‘e’ations=s”(w’atitiw‘quation“);
this is Crocco’s integral of the energy equation for the flat
plate (ref. 2).

SIMILARITY REQUIREMENTS

When a pressure gradient exists,and the surface is not in-
sulated, it is necessary to find a mems of solving the system
(7) to (9)subject to the boundary conditions (11). To this
rind, the question will be asked: Under what ocmditions can
this system be reduced ti a system of ordinary differential
equations by the assumption that the boundary-layer pro-
files are functions of a similarity variable ~ and that the w<@l
tnmpwature is constant? This question may be resolved
by inserting the following assumed relations into the system
(7) to (9)and observing the conditions required for obtaining
ordinary dtierential equations:

Y= BXWJ:q
}

(12)

S=S(?J J
where A, B, a, b,p, and q are undetermined constants. This
procedure has been carried out by Li and Nagamatsu (ref. 18)
for Pr= 1. In that analysis it W“SSconcluded that four
classes of simiiar solutions are possible. It has been pointed
out (ref. 19) that three of these four classes can be reduced
identically to the case which requires that

u*= (?P (13)

while the remaining case requires that

U,= Cl ei?p (CA) (14) 4

Corresponding analyses for incompressible flow-, inoluding
conditions for similarity and the case of the exponential free-
stream velocity, have been made by Mangler (ref. 20)and
Goldstein (ref. 21), respectively.

When equations (12) are used in the form

2UJJ6X
*=5(dJ~-

1 (15’

the system of ordinary differential equations corresponcliq
to the power-law velocity distribution of equation (13) ma~
be written

f“f+jf~’=p(f’s-l-~
)

s“+Prfs’=(1-Pr)
[J;ti]w’’’’”j’”j (16,

Tde pressure-gradient parameter 6 is defined as l?=fi)

md the velocity ratio is U/U.=u/u.=f’, where primes
denote differentiation with respect to a.

The boundary conditions ar~

f(o)=f ‘(0)=0

s(o)= s.

lim j’=1
V+-

Lim S=0
*-

(17)

Since M, may, in general, depend on x, the right member of
the energy equation is not yet functionally consistent with
the left member for arbitrary M. and Pr. Thus, the right
member of the energy equation (16) must be zero or a func-
tion of n to be consistent with the left member. This may
be achieved in the following ways: (1) The external Mach
number may be a constant other than zero; (2) the external
Mach number may be zero; (3)the Prandtl number may
equal 1; (4) the factor

F (7+w 1

l-= -1

may be approximately 2 corresponding to hypersonic flow;
or (5) the ratio of specific heats Y may equal 1.

The case of constant external Mach number is the flat-
plate problem (/3=0) and, the solution to the momentum
equation being known, the energy equation could be inte-
grated directly. The flat-plate problem has already been
solved with great accuracy and completeness by Gocco
(ref. 2). Ifthe pressure gradient is small enough, it may
be reasonable to consider M, constant in the energy equation
in spite of the gradient, but to retain the pressure-gradien~
parameter in the momentum equation. However, this
problem is treated more completely by the analysis of refer-
ence 4.

The case M,=O (with arbitrary 13)produces the equations
of Levy and Seban (ref. 22). . Iu that analysis approximate
solutions were obtained by the assumption of simple forms
for the velocity and temperature proiiles that contained
undetermined co&cients. These coefficients were then
evaluated by use of the boundary conditions. Because the
actual profiles cannot be simply represented, this method
is not reliable in some rangee even if the Mach number is
nearly zero. Brown and Donoughe (ref. 11) also considered
the low Mach number problem with variable fluid properties
and Prto=O.7. The system of equations encountered in that
analysis is much more complicated than the present system
because of the power-law viscosity, conductivity, and epeciiic-
heat relations used. These refinements do not alter the
effects of omitting the viscous-dissipation and compressive-
work terms, which may be significant at higher Mach
nurnbem.

4Itwrs shown In referenm10tbak for theexrmneafialcMO(q. (M)) wfth GDo, thesystam(?) to (9) CMbo mdued to the ordMrY dftlxentfel emmtfom(16),but ~~+z Fa KIJ,
the~” termfnewoWorM (16) fEmP~d by -f’”. Inthfsmmj with S.O,lt mu beshownthr$ bomnmof thesfgnof thefl” tam, no solntlonfs Prmfblefn whfd thevekftymtIoapprmehW
Heboundw’ymndkfon 6rnJMtbfY.A qnestfonfnthunmfmd nsto tbo vaffdftyof anY~lble aolntfonfer KO regardlessef the valueof S.
bo omftkf frommnsfderatlon.

For tbe rernnlnderof tblepaw, tbfs classWM
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The case of hypersonic flow requires the introduction of
the effects of displacement thickne9s upon pressure gradicmt.
For example, for the flat”plate, Lees (ref. 23) has shown
that the induced hypersonic pressure gradient corresponds to
#_.y-l. This case is n@ treated herein.

Th~ possibility of assuming Y=l does not simplify the
equations more than does the assumption of Mach number
zero. For most gases, the assumption of 7=1 is physically
unreasonable. Therefore, this case does not appear to
warrant further consideration.

If strong pressure gradients and reasonably high Mach
numbers are to be considered, the most inclusive category
is that of Pr= 1, with the result that equations (16) become

f“’+$’’=fl(j’’-l-s) (18a)

~“+fs’=o (18b)

with the boundary conditions (17).Equations (18) were
derived by Stewartson by assigning similarity relations
corresponding to (15) to the system (7) to (9) with PT= 1;
however, no solution was indicated.

The comparison between assuming that M.=0 or that
Pr= 1 may perhaps be indicated by examination of the
solutions to the insulated-flat-plate problem, which include
effects of both Prandtl number and Mach number (ref. 2).
If 34.=0, the viscousdissipation and compressive-work
terms me omitted in equation (3). Then the predicted
static-temperature profile is a constant rather than the
correct variation from free-stream static to recovery temper-
ature at the wall. However, if Pr= 1 isassumed, a constant
stagnation temperature is predicted rather than the actual
slight variation in this quantity. The latter discrepancy
is small compared with the former.

METHOD OF SOLUTION

Equations (18) with boundary conditions (17) compose
the system to be solved for the dependent variables j (~)
and S’(q). Bemmae of the nonlinearity of the system, its
high order (tith), and its classiikation as a “two-point
boundary-value problem,” no. standard integration methods
will yield results expressible in closed form. Methods appli-
cable to equations of this type maybe chssiiied as either (1)
forward integrations or (2) integrations by methods of suc-
cessive approximations.

By “forward integration” is meant the progressive inte-
gration of the equations from one (iitial) boundary to the
other. For this purpose several sets of initial values of the
derivatives are assumed. Then the iinal boundary values
obtained are compared with those specified and, after interpo-
lation of the initial values, this tial-and-error process is
repeated until the final boundary conditions are satisiied.
The integrations may be tied out by the use of either an
analog computer (mechanical or electrical) giving continuous
integrals or by digital computations involtig iinite-ditler-
ence “integration. Although generally applicable, a disad-
vantage associated with forward integration of nonlinear
equations is the lack of any inherent convergence mechanism.
Thus, the approach to the correct initial values depends al-

most entirely on the intuition and experience of the one
perfotig the calculations. This method is particularly
tmmblesome for a problem with more than one dependent
variable, since evidence for the fitness of a given initird value
may be obscured &y a poor selection of the corresponding
initial value of another dependent variable. Furthwmore,
when an analog computer is employed, the accuracy is
generally limited, particularly for nonlinear equations whore
in certain regions the results tend to be highly sensitive to tho
chosen initial values. If digital computation is utilizecl to
obtain a desired degree of accuracy, the procedure mny be-
come exces9ive1ytedious.

Successive approximation methods generally assume an en-
tire function for the dependent variables (satisfying as many
of the boundary conditions as possible) rather than only tho
initial derivatives. Then, by use of the differentird equo-
tions, a procedure is developed for estimating the error as a
function of the independent variables. ThiE error is applkcl
to the original choice, and the process is repeated until
satisfactory convergence occurs. An example of a method of
successive approtiation is Picard’s method.

A difficulty shared by both these methods arises when t,ho
range of integration is iniinite. Then it is necessary to decide
upon a ilnite value of the independent variable at which tho
bohndary conditions maybe approximately satisfied and the
degree to which they may be satisfied. This suggests tho
de&ability of changing to an independent variable so that
only a finite range of integration is required. In the present
problem this change of variables can be achieved by following
a method used by Crocco for the solution of the comprwaible
flabplate boundary layer (ref. 2). The concept is ndvancecl
that the velocity is a more suitable independent variablo
since it is bounded. This concept leads to a set of equations
conveniently handled by a method of successive approxima-
tions.

TRANSFORMATION TO VELOCITY PLANE

To accomplish the transformation to the velocity ratio j’
as the independent variable, the following identity may bc
used:

d
~=fn —dq df’

(19;

This identity may be applied tifl’ andj as follows:

where the dummy variable of integration is & and j“ (1
represents the functional relation between j“ and j’, that is
~’ (j’)- The primes continue to denote differentiation wit,
respect to q.

Inserting equations (2o) into the momentum oquatio]
(18a) results in

df?t
—= —
df’ J ,“f%+’s2;~’_’

(2:
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which satisfies the following condition at j’ =0 required by
the momentum equation

fy=–p(l+s’w) (22)

Now, if equation (21) is integrated once with respect to Y
and if the limits of integration are chosen so that (j’’)~~.l=O,
the result is

By inverting the order of integration (or by integrating
by pnrts) the double integral may be reduced to two single
integrals, resulting in

(24)

Equation (24) is the form of the momentum equation as it
will be used in this report. The subscript j ia the iteration
number in the method of successive apprcmimations.

A corresponding form of the energy equation is obtained
by writing equation (18b) as

Cll I
uv=+

and integrating with respect to V, to get

h s=- S~dn+constant (25)

Equation (18a) may be written

Substitution of this expression into equation (25) results in

or the equivalent expression

.s’ = – C,j’’J(j’) (26)
where

[s
: H—l–s’(h) @lJ(f)=exp –d o ~,($,)1, 1

If this e.spressionis integrated once again and the boundmy
conditions S(O)=ASU, (S)~,.1=0 are required, the result is

J‘ Jj(W$
s,+l_ ,,

&
J

lJj(t)&
o

(27)

Inspection of equations (24) and (27) indicates that the
integrals to be evaluated are singulw, or indeterminate, at

the upper limit. To evaluate these integrals, closed-form
expressionsmust be obtained for the integrands in this range.
This requires knowledge of the solution of the system (18)
for large T (near $’=1). This “asyrnptitic solution” and
its development are given in appendix B. The results show
that equation (24) can be used in its present form, but that
equation (27) must be moditied to

S,+l
eJ~l —e)+ J l-’Jj(tWfl

x=
s

l-e (28)
@7j(l—e)+ J~.E)dE

OJ

where e is an arbitrary small quantity (6<<1). In this form
the singularity has been removed. Equations (24) and (28)
constitute the system used in the present investigation.
The convergence of this system is discussed in appendi.. C,
and the method of calculation by diggtal computer in
appendix D.

PROPERTIESOF SOLUTIONS

In the following sections the solutions obtained in this
study are presented and their properties are discussed. The
two parameters defining a case are SWand /?. The enthalpy
function evaluated at the wall S. determines the wall
temperature through the relation

tu=?5(l+s.) (29)

Thus, Sw= – 1 corresponds to a wall temperature of
absolute zero, and S.= 1 corresponds to a wall at twice the
free-stream stagnation temperature. The case SU=O cor-
responds to a wall at the free-stream stagnation temperature,
which for F%= 1 is the case of an insulated surface.

The pressure-gradient parameter /3 is related to the
exponent m of the velocity distribution in the transformed
plane ZTe=(?= through the relation

@==-m+l

For a velocity distribution of this form, m can be represented
as

(30)

It is apparent that /3<0 (m<O) corresponds to an unfavor-
able ~~adient; p= O (m=O) corresponds to flat-plate flow;
and P=2 (m= UJ) corresponds t.o an Minitely favorable
preswre gradient. Stewartson (ref. 14) has shown that
f?= 1 (m= 1) corresponds to flow in the immediate vicinity
of a stagnation point for two-dimensional flow, as in the
incampreasible case. It can be shown that the case of a
stagnation point in axisymmetric flow can be transformed
to the solution for f7= X (ref. 24). An approximate method
for relating p to more general physical flows is given in
referencO 17. In the present investigation, solutions are
found for pressure gradients ranging from that causing
separation to the infinitely favor~ble gradient and for wall
temperatures from absoluti zero to twice free-stream
stagnation temperature.5

JIt shouldix noted thet cdlbnt one of tbe premted edntfonsfw S+0 em tbcaeilmt obta!nedby He.rbwa(mL7) fortberuoblem of Faknarand Sk (r&O). Asafmtherabeok on the
prfe.cntmotbwl, the mlntionsfm 8-1.6 and 2.0with SW=Owereobtaind fndependantlyfn the preiwntfnvwtkatfem tlwe values@a very well wftb thaw of I%rtre&
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All solutions am presented in tabular and graphic form.
Table I shows the values of j, f’, j“, S, and S tabulated
against ~. From these values and equations (18), the
quantities j’” and S“ can be easily calculated. Table II
presents a summary of the values of ~. (related to wall
shear) and & (related to he~t. transfer) from table I, as
well as the Reynolds analogv parameter C~ReJNu, which
represents the ratio of skin-friction to heat-transfer effects.
Certain other quantities of interest. cannot be tabulated in
general, but can be wisil.y calculated from the following
formulas:
Static-temperature ratio:

or, with the static temperature t refemd to the free-stream
stngnntion temperftture fo,

+=(l+s)-

I?Iux density:

%llfl

2“

7—1J!.!.
‘)

f“
1+~

w f’—=
d76

( )
~;l L& (l+s)-~+.iwf”1 +—

UNIQ~

I?or /3<0, SM=O, Hartree (ref. 7) first observed

(32)

(33)

that the
boundmy conditions (17) are not sticient to determine a
unique solution. Thus, there is not a unique value of $:
for a given /3. In studying the uniqueness, it is useful to
consider the following e.spressionfor velocity ratio (for any
Sm)valid for large q:

j’=l+[%(q–K)-~+ ’)+$( VK)-’ lexi-~l+%(’-’)”
(34)

where al, aj, ~, and K are integrationCOllSt(iIItS (see tippedX

B). For the case of SU=O, a3 is also equal to zero; however,
this does not chruge the uniqueness problem, which is inde-
pendent of wall temperature. I?or 19>0, aS is necessmily
zero in order to satisfy the boundary condition lim f’= 1.

l?or contiiuib in P, Hartrw then selected the as~ptotic
solution with at=O for ~<0 also. More importantly, the
integral

1“(1-s3”
related to the displacement thickness, can be shown to
become in6nite for az+o. TIIis result is contrary to the
concept of a thin layer outside of which the viscous effects
may be neglected. A further interpretation of the effect of
the a2 term on the solution can be observed by examination
of the dimensionless quantity f“’/fl’ (suggested by Pro-
fessom L. Crocco and L. Lees), in which f’” represents the

net viscous forces acting on the fluid element and j’t is
proportional to the velocity gradient (shearing flow). It
can be shown that for a~=O

t

(-)~~ -?% ‘1
while for a? # O

Thus. in order to retain both the viscous forces in the
asymptotic region and the shearing flow set up by their
action to the same order of magnitucle, az should be tnken
equal to zero.

Another feature of solutions with % different,from zero is
the analytical result that the velocity ratio in the outer
portion of the boundary layer may exceed unity. For
example, if a2 is not zero, equation (34) shows that for lnrge
~ the az term of tbe velocity ratio expression is dominnnt,
and thus (j’— 1) is necessarily of the same sign as az. That
is, for positive uZ,the velocity ratio approaches unity from
above; this phenomenon will be termed “velocity over-
shoot.” Since, for a given B and S’win this range, ench of
these various solutions has associated with it n differenLsot
of values of j; and &, one of these parameter%,for exnmple
$:, can be conveniently used in place of % to identify the
various solutions. This iniinite set of solutiom cnn be
represented as in sketch (a) for a typical (COIC1wnll) cmm.

,..:~q,,,,,,..
I

—% >0---+- a2 c c1
i

~ a2>O—

1

/;

(a)

It is seen that there are a maximum and a minimum sheal
(represented by f ~) and heat transfer (represented by S&
that can satisfy the equations without incurring velocit~
overshoot. These distinct solutions (circled points il
sketch (a)) correspond to a~= Od; tlmt with the lower SI1OO
is designated the “lower-branch” solution. The bohnvio

*In tbee-drmtbnofthednguhuitb of the Intemd5rewired km the rnethwlof succfdve 13pproxinwthm % m taken to b 2er0. Homo, mlutloasfor%#0 weroobtnln~ by forwnr
Megratton (app?ndlsD), althoughthenamcrknl v81- of % weremt deterndnd



.

SOLUTIONSFORCOMPRESSIBLELAWNARBOUNDARYLAYZIR,EDATTRANSFERANDPRESSUREGRADIENT 925

of the calculated family of solutions is presented in figure 1
for S.=–0.S and p=–fJ.325, –0.3285, and –0.336.
For a given value of S., as 6 is decreased, the two solutions
with a2=0 approach each other. At a value of 19to be desig-
nated ~~f=, them two solutions become identical, and, for
~<~mi., no Sohltion ~th CZZ=Oe-~ta. For negative I%
only the solutions with finite displacement thickness will be
considered in the remainder of this report.

Pressure-gmdlent
paracmter, HHHM

1 1 I I 1 1 1 I

-~ .32 J - -0.’i25
I I I I I I 1 I

-: -.3285

i.=
– - ‘“:W’.7%%%: -

I I I

z sheer wlthmd veldty
overshoot (a2Q O)

$ .28
P I I I I 1-A# ~

Lao

.j 1.016

~.

z 1.012
~.

1 1 1 1 I

1 /

Shear funcficm at wal~ ff

FxauaDl.—Farcily of soluti~~fo~ &verse pressure gradient.
. —,.

With regmd to the physical significance of the double
solution, it may be noted that for adverse pressure gradients
(/3<0) a real flow cannot completely reproduce the similar
solution, because Z7.(0)= co would be involvecl. However, a
pressure field can, in principle, be applied to a developing
bounda~ layer so that, after a phase of adjustment, the
boundary layer would approach one of the similar solutions
with ~<0 and stay quite close to it thereafter. It seems
reosomtble to believe that, depending on the way the pressure
field is applied, one solution or the other corresponding to
the same P could be approached after different adjustment
phases. This result is exactly what Clauser (ref. 25) has
found in h~ esperhnental work on similar turbulent
bouudnry-lnyer flows.

VELOCITY AND TEMPERATUBE PROPIL=

The veloci
?

and enthalpy-function profiles obtained
from the tabu ated solutions are presented as functions of
~ iu figures 2 rmd 3, respectively. The distance y normal to
the surface in the physical plane is related to the similarity

variable q through equations (6) and (15), and may be
expressed as

(35)

where t/fOis given by equation (32).
Veloci~ overshoot.—The velocity pro~es shown in figure 2

indicate that, for a given wall temperature, the initial slope
increases as the pressure gradient becomes more favorable.
For advenw prwsure gradients an inflection point occurs
within the boundary layer and moves outward as the gradi-
ent becomes more adverse. The velocity ratio varies mono-
tonically horn zero to the final value of 1.0 except for the
cases of favorable pressure gradient% with heated walls.
Then the veloci~ ratio in the outer portion of the boundary
layer reaches a maximum value greater than 1.0 before
returning to its final value of 1.0. This type of velocity
overshoot was also obtained in the investigation of reference
11 for favorable pressure gradients with heated walls and is
to be distinguished from that associated with the nonunique
(% #0) solutions which occur only for adveme pressure
gradients. When the wall is heated in a favorable-pressure-
gradient flow, the densi@ within certain layers of the
boundary layer is lowered so that, in spite of the viscous
retardation, the flow is accelerated more than the e.stermd
flow by the external pressure forces. Thus, a velocity greater
than the external velocity may be obtained.

This phenomenon can be established by examination of
equation (34) and the corresponding asymptotic e.spression
for the enthalpy function (appendix B):

(36)

For favorable pressure gradients, %=0, as previously men-
tioned. Then, the % term in equation (34) is dominant for
large T. Thus, (.f’-l) and % are of the same sign. Hence,
for any case of a heated wall (% positive, eq. (36))with
favorable pressure gradient the velocity ratio must finally
approach 1.0 from above. This is in contrast to the results
of reference 16 where “critical” values of S= greater than
zero were said to be required to produce overshoot. The
latter results are possibly due to the inability to detect small
overshoot using an analog computer.

Stagnation-temperature proffles.-F~e 3 shows that, for
Pr= 1, the stagnation temperature varies monotonically
across the boundary layer from the wall value to the free-
stream value. For favorable prcwmre gradients with a cold
wall, there is small variation with 1?of this distribution. The
variation becomes more pronounced with an increase in wall
temperature.

Boundary-layer thi&ness,-The velocity profiles (fig. 2)
indicate that the boundary layer thickens m the wall shear
stress diminishes. Also, for a given value of the pressnre-
gradient parameter /3, the boundary layer, when considered
in terms of v, thickens aa the wall temperature is lowered.
However, in the physical plane (ii terms of y) because of the
relation between y and q (eq. (35)), the trend is just the
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(e) S== 1.0.

FIGURE 2.—Velocityprotilea as functions of similarity variable n. (Asterisk denotes lower-branch solutions.)
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(a) Sw= –1.0.

(c) s.= –0.4.

FIQ&E 3.—Enthalpy function profiles.

opposite. This emphasizes the ne-ity for oareful con-
sideration of the relation between the transformed quantitiw
and their physical counterparts.

Tho thermal boundary layer also thickens as separation is
approached. The relative thicknesses of the dynamic and
thermal boundary layers may be conveniently observed
from rLplot of S against Y (fig. 4). Then if a fixed fraction of
S., my 0.99, is chosen to deiine the thermal-layer thickness
and if the same value of velocity ratio is taken to define the
dynamic layer, it can be seen that, regardlessof wall tempera-
ture, the thermal layer is thicker than the dynamic layer for
favorable gradients a~d thinner for adverse gradients.

I’or ~r< 1 the relative magnitude of the dynamic thickness
to the thernml thickness will be decreased, since the I%andtl
number represents the ratio of viscous to thermal eflects in
the fluid.

INTEGRALTHIC~E~

The boundmy-layer integral thiclmesses in the trans-
formed plane are deli.nedby the following relations:
Displacement thickness:

o

-.2

f+

5-.4

.2
h
~ -.6
z
E
u

-.8

-1.0
0 I 2 3 4 5 6

T

.8

1.0

I I I I I I I I I I I I I

.4

.2

0’1 2 3 4 5 6
7

(b) S-= –0.8.
(d) SW=l.O.

(Asterisk denotex lower-branoh solutions.)

Momentum thiclmass:

Thermal thickness:

dE m+l UeX
––=JW=J%% ‘3’)3? 2 v,

Convection thiclmes-s:

The numerical values of these thicknessparameters for the
solutions presented are given in table IL The transformed
displacement thickness is negative for casesof favorable pre-s-
sure gradient with very low wall temperature. This occurs
beoause the surface cooling produces an increase in density
near the wall so that there is more mass flow per unit flow
area within the boundary layer than in the external flow.

The form factor H,,=~ is also listed in table D.

43587 G-5740
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(b) s.= –0.8.
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FIGURE 4—Enthalpy function representation in velocity plane. (Asterisk denot~ lower-branch solutions.)

SREAE AND SEiN FRICTION

The shear distribution in the boundary layer is presented
in figure 5, vrhere~’ is plotted as a function of rJ. The shear
function f“ is related to the shear stress r through the
expression

‘=%H4$%W” “’)
Eor ~>0 the masimum shear is at the vmll, whereas for i9<0
the point of maximum shear moves increasingly outward as
the pressure gradient becomes more adverse.

The quanti~ that is of primary interest in boundmy-layer
calculations is the shear stress at the wall ~~ which can be
made dimensionless through the definition of a local skin-
friction coefficient. The resulting relation is

which, upon the introduction of a Reynolds number based on

fluid properties evaluated at the vd temperature, l?em=~,

becomes
w

c/--@z= ,,
2 ‘“F%: (42b)

The importance of evaluating fluid properties at tho WO1l
temperature can be seen from the fact that the right member
of equation (42b) is constant for the case of the flat plate.
If the skin-friction coefficient and the Reynolds number
were to be based on local free-stream fluid properties, rathw

4–
than on wall values, a factor of & & would appear in h

right member of equation (42b). The range of this fnctor,
when evaluated using Sutherland’s viscosity law, is from

()tm
1/4

()

-1J4
z at a low temperature level to * at high tompora-

0
ture levels.

The quantity f: is presented as a function of j3and SWin
figure 6. It can be seen that heating the surface incmascs
the sensitivity of the wall shear to pre9sure gradient, whilo
cooling the wall has the opposite effect. A suggestcd
physical interpretation for this trend is related to the effect
of wall temperature on the mean density of the fluid within
the bounda~ layer. For the heated wall, the boundrny-
layer density k less than that for the cooled wall, rendering
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(e) SW=l.O.

FIGURE 5.-Shear-function profiles. (Asterisk denotes lower-branoh solutions.)
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FIGrmm 6.—Effect of pressure gradient on wall shear.

the heated boundary layer more susceptible to free-stream
acceleration forces than the cooled bound~ layer. Figure
6 shows further that a linear extension of the slope of the
curve j: against 19from 13=0 to large positive P would
grody overemphasize the effects of favorable pressure
gradient; while the same linear extension toward negative B
would underemphasize the effects of adve~e gradient.

In figure 6(b), the two solutions with finite displacement

thiclmess that occur for adveme pre9sure gradients for a
given P and S= are plotted. It is seen that a double solution
is indicated for even the insulated surface (i%= O), although
Hartree reported only one. In this ease the lower-branch
solution corresponds to negative wall shear stress (separated
flow), which was not considered in reference 7. For heated
waIIs (S@>O) both solutions may indicate separated flow
for p near /3=,s,while for cooled walls both solutions may bo
unseparated in @is region. The physical interpretation of
these double solutions has been discussed in the section
Uniqueness

HEATlYtANSFEIZ

The variation of heat transfer across the boundary layer
is plotted in figure 7 in terms of the derivative of the enthrdpy

function S’=$$ This quantity is related to the stagnation

enthalpy derivative in the physical plane by the expression

Hk)=(%lmik’ (43)

These curves again indicate the thickening of the thcmmd
layer as separation is approached. Furthermore, as separa-
tion is neared, the zone adjacent to the surface whore S’ is
essentially constant spreads rapidly. This is a zone whore
the heat transfer is primarily by conduction because of the
nearly zero velocities in the neighborhood of the surface.

The values of S’ at the surface (S~) are shown plottorl as a
function of pressure-gradient parameter j9 in figure 8 for
constant wall temperatures. Two facts are noteworthy:
(1) In the region of favorable pressure gradient, S~ is mwrly
constant; (2) the heat transfer varies sharply near sepamtion.
From these facts the additional conclusion may be drnwn
hat, if a linear extension of those curves is mado with the
slope at 19=O, the result will seriously ovorempha.sizo the
effects of a favorable preesure gradient or heat transfer and
underestimate the effects for adverse pressure gmdicnts.
A similar influence of pressure gradient on skin friction 1)as
already been noted. A comptison of figures 6 and 8 indic-
ates that the effect of pressure gradient on heat transfer is
smaller than the corresponding effect upon wall shear.

As with the skin friction, it is convenient to deiino a dimon-
sionkss number from which the heat transfm muy bo
determined. The ISusselt number is

““’XE?W=(-W%‘“)
The quantity (—S~/SJ is plotted in figure 9 for constant
wall temperatures as a function of the pressure-grriliont
parameter p. The Reynolds number Remis agoin defhmd in
terms of wall properties.

Reynolds analogy.-From expressions (42b) and (44),
a simple modiiied Reynolds analogy parameter is mmluated
by

CrRew 2f.
x= s.

( ‘)
—..
s.

(45)
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FIQUEE 7.-Stagnation enthalpy gradient aorose boundary layer. (Aete~k denotes Iower-branoh solutions.)
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This quantity is the reciprocal of the usual Reynolds anaIogy
quantity in order to avoid infinite valuea as separation is
approached. It is plotted in figure 10 as a function of th~
pressure-gradient parameter @. These curves resemble the
fl- curves (fig. 6) because of the relatively small variation
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in magnitude of Si/Sw compared with that of fm. The

variation of CfReJA7u is horn zero to 7.4 for a surface of
tompemture twice the free-stream stagnation value and
from zero to 2.8for a surface held at a temperature of abso-
lute zero, as shown in figure 10. This indicates the inade-
quacy of utilizing the flat-plate value of 2.0, ashas often been
done for estimates of heat transfer. F@re 10 is of particu-
lar use in evaluating the heat transfer for a problem when
used in conjunction with simple methods for determining
C,, as proposed, for exnmple, in reference 17.
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FIGUEE 10.—Variation of I@nolds analog parameter with presure
. gradienk

SUMillARY OF RESULTS

From an analysis of the laminar compressible boundary
layer based on Stmvartsrm’s transformation and including

effects of heat transfer and pressure gradient, the following
resultswere obtained:

1. If the condition of similarity is required find the Prandtl
number is constant but differeritfrom 1.0, the esternrd Mach

number must be either zero, constant, or very large. If tlm
Prandtl number is taken as 1.0, the Mach number may bo
arbitrary. The free-stream velocity distributions ccnsistont
with the similarity concept are either power-law or expo-
nential distributions in the transformed coordinates. Sinc~
the e~onenticd distribution appears to be lirniteclto favor-
able gradients and in this range the problem may be reclucecl
to a special case of the power-law distribution, the cdculn-
tions have been based on the latter class.

2. For flows with advers-epressuregradients, two classesof
solutions were obtained. One class is discarded because it
yields infinite displacement thickness. The class retained
consists of two solutions with finite displacement thickness
for each adverse pressure gradient.
3.For heated surfaces with favorable pressure gradients, a

velocity overshoot, which increaseswith increasingly avorablo
gradient, results within the boundary layer. This excess
velocity is associated with the acceleration of a layer of fluicl
in the outer portion of the boundary layer, with density less
than the external density. Siice this layer is subject to tho
external pressure field and is restrained only slightly by tho
viscous forces acting on it, it is accelerated more than the
external flow.

4. For a Prandtl number of 1.0, when the thicknesses of
the dynamic and thermal boundary layers are defined by a
fixed fraction (say 0.99) of the velocity ratio and stagnation-
temperature-difference ratio, the thermal boundary layer is
thicker than the dynamic layer for favorable pressuro grn-
dients and thinner for adverse gradients.

5. The boundary-layer displacement thickness is negative
for cases of favorable pressure gradient with very low wall
temperature. This occurs because the surface caoling pro-
duces an increase in density near the wall w that there is
more mass flow per unit flow area within the boundary layer
than in the external flow.

6. The variation of a Reynolds analogy parameter is from
zero to 7.4 for a surface of temperature twice the free-stream
stagnation value and from zero to 2.8 for a surface held at a
temperature of absolute zero, with the value 2.o for the flat
plate.

LEWISFLIGHTPROP-ION LABORATORY
NATIONALADVISORYComirrr En FORAERONAUTICS

CLEVELAND,OHIO,Octoiwr16, 1064
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APPENDIX A

SYMBOLS

a
C,c,,ca, etc.

c,

;

?

~

H

h
Ii
k,=

i14,

m

i%

Pr

P
RtIw

s

t
u

u
v

>

z

sonic velocity
arbitrary constants

2TW
local skin-friction coefficient, Cf=~

specific heat at constant pressure
boundary-layer convection thickness
boundary-layer thermal thickness
function related to stream function by j=

dm+l
#—

2VJTJ

asymptotic function, g=f~

boundary-layer form factor, H=$

enthalpy
thermal conductivity
Sutherland’s constant

local external Mach number, lf,=~

exponent from U.= CX”

()‘ENusdt number, ~u= ~O_t=*

Prandtl number, Pr=~

static pre9sure
puug

Reynolds number, Reo=F

enthalpy function, LS=*-1

static temperature
tmmsformed longitudinal velocity compo-

nent, U=~=+y

longitudinal velocity component
transformed normal velocity component,
v= –+*

normal veloci~ component
transformed longitudinal coordinate, X=

J ‘hlhh&
o poau

longitudinal coordinate

Y

Y
q,%, etc.

e
K

P

v

P

7-

Subscripts:
e

j
8

t?

w

0

Other notations:

transformed normal coordinate,

JY a’ ::dy=—

normal coordinate
integration constants in asymptotic solution

pressure-gradientparameter, /3=*

minimum value of 19 corresponding to a
viscid solution for a given wall tempera-
ture

ratio of speciiic heats
boundary-layer displacement thiclmess
arbitrary small quantity

w+similarity variable, q=

dynamic viscosity
kinematic viscosity, v=plp

mass density
bu

shear stress, r=p —
M

stream function: *P= U, *X= —V
oscillation coefficient, eq. (C2)
damping coefficient, eq. (C3)

local flow outaide boundary layer (external)
result of jth iteration
stagnation value
transformed quantity
wall or surface value
free-stream stagnation value

asympimtic quanti~
Primes denote differentiation with respect to q.
A coordinate used as subscript represents partial dMeren-

tiation with respect to the coordinate.



934 REPORT 1293—NATIONAL ADVISORY COMMTITEE FOR AERONAUTICS

APPENDIX B

ASYMPTOTICSOLUllON

To evaluate the integrals in equations (24) and (27),
it is necessary to have closed-form expressions for the
integrands concerned, in the range of large v This requires
rLsolution of the system

y“+fl’=p(yl–l–~ (18a)

s“ +fs’=Q (18b)

for large q, which is the asymptotic solution.
The asymptotic solution for f (designated3 is sssumed to

consist of a sum of terms, ewh smaller than the preceding.
Only the first two terms will be discussed herein. The
corresponding solution for the enthalpy term S’ is also

NoTv,since hn(f’) =1, let
v-

j,=ll-.

where ~ is an undetermined constant.

@l)

(B2)

E .fi is inserted into
equation (18), the corresponding enthdpy term J%must be
identically zero. Inserting equations (B1) and @32) into
equations (18) and dropping higher-order terms result in

g’+(p)s:=o

The ene~ equation can be integrated

.?
fi;=ce

%’+(T4’=B (2%%)

}
directly to give

which integrate once again to the complementary
function (denoted CE@

Jq
or

&=%&?,(~)

033)

error

(334)

If equation
equation of

(B4) is now substituted into the momentum
equations (B3) with the notation

9(+74
there remdts

A particular integral to equation (B6) is

(B6)

The complementary function can be found by noting that
the homogeneous part of equation (B5) is Weber’s equation.
Hartree (ref. 7) gives the genwal solution for large values of
the argument (T—K) which can be written

where al and c-qare undetermined constants.
For P~ Oit is clearly neceasag to take a2=0 if the boundary

condition lim g= Ois to be applied. For $<0 the boundary

condition ~~es not require uZ= O; this introduces o lack of
uniqueness in this range. The significance of aa= Owas more
fully discuesed in the section Uniqueness.

Using the fimt term of the expansion for the complementary
error function

{[
I–&-+ “.“] (B8)

and combining the preceding equations result in the follow-
ing expremion9:

F= 1 +[CYl(~-K)-(w+’) _&(q-K)-’] exp [JqyY+y
(34)

and

(36)
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APPENDIX c

CONVERGENCEAND EXTRAPOLATION

The method of successive approximations used in solving
equations (24) and (28) is as follows: Two functions fi(j’)
and S’j(j’) are assumed and inserted into the right sides of
oquutions (24) and (28). This produces two new functions,
fl.tl(j’) and ~~+1~’), on the left. The qu~tion Of COnV~-
gence is the first to consider. In reference 2, Crocco treated
a momentum equation which vm.sessentially equation (24)
with p= O. There it was shown that the result might con-
verge to a pair of functions between which it would oscillate
and of which the geometric mean waa tbe proper solution.
In practice, the use of the arithmetic mean was demon-
tmted to be adequate. In the same way in the present
cam, the property of oscillation cannot be developed ana-
lytically; however, it has been found by trial that, if
fi+2fi+I .u used in place of fi+l to obtain f$+z, tie oscillation

is reduced and a convergence takes phwe. A typical result
is shown in sketch (b).

f“

c

s

c

Itemtion

r

Itemtion

f’ I

(b)
. .

When the value for p for which a solution was sought was
sufficiently positive, the ‘enthalpy function S’ also showed a
tendency to oscillate. In these cases, applying tie swne
averqging procedure to S again improved the convergence.
It TVaSalso found that convergence waa improved if, in the

dj”
()

initial assumed function for j“(j’), the slope ~ ~ was

taken so that ‘it satisfied equatiori (18a); that is,

When an iterative method is used to determine a function,
it is always desirable to develop a method of extrapolating

the result to correspond to a larger number of iterations
than have actually been carried out. This cannot be done
in an exact fashion unless a deii.nite law of convergence is
established. Recently, an extrapolation method was devised
(ref. 26) that required four successive iterants for an arbi-
trary iterative computing scheme. The development
wumed that tie remaining error after any iteration con-
sisted essentially of two terms, both of which damped by a
factor u with each iteration. The sign of one of these terms
was assumed to change with each iteration. This method
extrapolated a function by breaking it into n-1 parts and
treating it somewhat like an n-dimensional vector. The
method has been demonstrated for Laplace’s equation for
which it was quite adequate. I?or nonlinear equations,
however, the method is not as suitable.

In reference 1, a method requiring five successive iterants
was developed which combined the method of reference 26
and the geometric mean rule. The function to be extra-
polated is considered to be made up of a set of numbers F*,
where the subscript i identifies the particular mmponent of
the set. Then, the resulting relations for the ith component
of the extrapolated function .F in terms of the preceding five
iterant9, (Fi)j . . . (F~)j+,, where j is the iteration number,
are:

[
F,=+ @’JN-4-@~f)j+2

1+3 1
where the oscillation coeilicient !% is given by

(cl)

(C2)

and the damping coefficient wis

[

(FJj ,–(I’f),& [(F*),+4–(17Jj+~l l(F,),+2–(Ff),
~= f-1 II (C3)

~ u’f),+r(~f),l

Application of this system was extremely effective. It
generally reduced the oscillation remaining after five itma-
tions by a factor of 10. A typical plot of the oscillation of
j: is indicated in figure 11.

‘Ileratkmnumber, j

FIG- Il.—Plot of oscillation of j:.
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APPENDIX D

CALCULATION PROCEDURE

The auccemive approximation calculations were carried
out by means of IBM Type 604 Calculating Punch machines.
The program was coded for fixed-point calculation, with the
standard Function-Generating control panel used, plus a
control panel especially wired for rapid integration of quo-
tients by a trapezoidal rule. The step size (in j’) varied
from a maximum value of 0.050 or 0.025 atj’=0 to 0.00001
at~=O.9999, the total number of intervals being 122 in the
former -e and 236 in the latter. By doubling and halving
the step size for a critical case, the results are judged to con-
tain a maximum error of 0.0002. Comparison with solutions
obtained by forward integration, for the same case, CO-
this accuracy. A given iteration (utilizing the 0.050 step
size) could be carried out in approximately 1% hours by an
experienced machine operator. If the averaging and extra-
polation techniques described in appendix C are used, ten
iterations generally would sufhce for the accuracy desired.
In contrast with forward integration, this number of itera-
tion is not a function of the experience of the pekson carrying
out the calculations.

In the derivation of the integral relations (eqs. (24) and
(27)), it was assumed that the velocity ratio varied smoothly
and monotonically from zero at the wall to 1.0 at infinity.
However, in the range 19>0 and S~>O (favorable pressure
gradient and hot wall), the solution involves an increasing
velocity ratio to a value greater than 1.0, followed by a
smooth decrease to 1.0. Under these unusual circumstances,
the method of successive approximation derived herein

must be considerably modified if it is to be used at nil.
Equations (18), together with the boundary conditions

(17), constitute a nonlinear two-point boundary-value
problem. Cases of this boundary-value problem were solvod
by forward integration, with the IBM Card-Programmed
Electronic Calculator (CPC) used to integrate with five-
point integration formulas.

For the cases where tha solutions are not unique (f7<O),
the solutions were obtained in two patterns: In one pattern,
13and Smwere fixed and, for a set of valuea of~u,’ the quantity
t% ma altered until boundary conditions at infinity were
apparently satislied. In the other pattern, j: and SWwore
fixed and, for a set of values of negative /3, the quantity
i% was altered until boundary condition at infinity wero
apparently satisfied. An attempt was made with both
patterns to include the solution with the minimum value
of the maximum velocity ratio ~- within the boundary
layer. Except for those casea where no solution existml
without velocity overshoot, this minimum value was 1.0.

The details of the integration method used are described
completely by Lynn U. Albers in an appendix to reference
27. The possible error contained in the reaulta is indicated
in the footnote to table 1. Each trial run of a case required
approximately 30 minutes. A person considerably exper-
ienced with the method of obtaining solutiona by forward
integration generally achieved convergence within 12 trials;
however, this number is perhaps insufEcient by a factor of
the order of 2 if the person lacks experience.
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TABLE 1.-SIMILAR SOLUTIONS OF LAMINAR COMPR13EX31BLE BOUNDARY-LAYER EQUATIONS.’
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TABLE l.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.
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TABLE I.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

9=–0.3, J%=–1.o
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.0116

.0090

.0062

.0033

.0000

– L 0000
–. 9331
–. 8669
–. 8018
–. 7383

–. 6766
–. 6169
–. 6693
–. 6039
–. 4606

–. 3994
:: ;;();

–. 2680
–. 2148

–. 1735
–. 1342
–. 0968

–. 0616
–. 0549
–. 0482
–. 0417
–. 0352

–. 0289
–. 0258
–. 0227
–. 0197
–. 0167
–. 0137
–. 0108
–. 0080

–. 0052
–. 0046
–. 0041
–. 0036
–. 0030

–. 0025
–. 0020
–. 0016
–. 0009
–. 0004

–. 0000

0:4%:

.4255

.4239

.4209

.4163

.4095

.4005

.3892

.3762

.3586

.3393

.3170

.2918

.2633

.2315

.1960

.1665

.1122

.1026

.0928

.0828

.0724

.0391

.0332

.0271

.0208

.0143

.0129

.0116

.0103

.0089

. ());;

.0046

.0031

.0016

.0000

.

o’
.1199
.2397
.3691
.4783

.6973

.7164

.8359

1: %%

L 2023
1.3296
1.4615
1.5996
1.7462

1.9063
20829
22897

25484
26106
26781
2.7523
2.8348

29287
2.9813
3.0387
3.1023
3.1738
3.2666
3.3521
3.4717

3.6319
3.6721
3.7163
3.7667
3.8217

; ;837

L 0616
4.1939
4.408-8

6.4938

f

o
.0029
.0119
.0269
.0477

.0745

.1072

.1461

.1912

.2431

.3020

.3689

.4448

.6311

.6302

.7457

.8834
1.0543

1.2809
1.3373
1.3991
1.4677
1.6448

1.6336
1.6837
;. ;:3:

1:8691
1.9486
20430
21605

23187
23686
z 4024
2.4514
26071

25717
26490
27469
2.8778
3.0924

4.1772

&=–o.14, S.=–l.o

D
.050
.100
.150
.200

.250

.300

.350

.400

.450

.500

.550

.600

.650

.700

.750

.800

.850

.900

.910

.920

.930

.940

.960

.955

.960

.965

.970

.975

.980

.985

.990

.991

.992

.993

.994

.995

.996

.997

.998

.999

1.000

). 4166
.4170
.4179
.4190
.4199

.4202

.4194

.4173

.4133

.4072

.3986

.3869

.3717

.3526

.3287

.2995

.2639

.2204

.1669

.1547

.1419

.1284

.1142

.0991

.0912

.0831

.0746

.0658

.0666

.0470

.0369

.0260

.0237

.0214

.0190

.0166

.0142

.0116

.0090

.0062

.0033

.0000

s

o
–. 9463
–. 8908
–. 8366
–. 7825

–. 7288
–. 6766
–. 6229
–. 6708
–. 5192

–. 4682
–. 4178
–. 3681
–. 3191
–. 2707

–. 2232
—. 1764
–. 1304

–. 0855
–. 0766
–. 0678
–. 0591
–. 0504

–. 0417
–. 0374
–. 0331
–. 0289
–. 0247
–. 0204
–. 0163
–. 0121

–. 0080
–. 0072
–. 0063
–. 0055
–. 0047

–. 0039
–. 0031
–. 0023
–. 0016
–. 0007

.0000

s’

0.4554
.4564
.4651
.4541
.4622

.4490

:%7
.4290
.4179

.4040

.3872

.3671

.3433

.3153

.2827

. ~;

.1483

.1367

.1247

.1121

.0990

.0853

.0782

.0709

.0634

.0566

.0476

.0392

.0305

.0213

.0194

.0174

.0166

.0135

.0114

.0093

.0071

.0049

.0026

.0000
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TABLE l.—Contiiued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

B=O.5, J%= – 1.0

v f f, y, s #

o 0 0 0.5806 – 1.0000 0.4948
.0861 .0021 .050 .5797 –. 8574 .4948
.1726 .0086 .100 .5770 –. 9147 .4946

0195
:%: :0349

–. 8718 .4940
:%! : %% –- 8285 .4929

. 43g .0549 250 –. 7848 .4910
0798 .300 : :%; –. 7406 .4881

.6195 :1099 –. 6957 .4839

.7145 :%; :5188
::%

–. 6501 .4781
.8126 .450 .5011 –. 6037 .4704

.2358 .500 .4808 —. 5564
1: :;??

.4605
.2918 .550 .4576 —. 5081 .4479

1.1337 .3566 .600. .4310 —. 4587 .4319
L 2539 .4318 . 6s0 .4008 —. 4081 .4120
L 3842 .5199 .700 .3666 –. 3561 .3873

L 5283 .6244 .750 .3277 –. 3026 .3667
1.6922 .7516 .800 .2934 –. 2474 .3189
1.8866 .9122 .860 .2324 –. 1903 . ms

2.1344 L 1293 .900 .1727 –. 1307 .2110
21947 1.1839 .910 .1596 –. 1185 .1968
22603 ;2# .920 . 14s7 –. 1061 .1817
23327 .930 .1313 –. 0936 .1658
24135 1:3865 .040 .1163 –. 0809 .1486

25059 L 4738 .950 .1005 –. 0681 .1303
2.5578 1.5233 .955 .0923 –. 0616 .1205
2.6146 1.5777 .960 .0839 –. 0551 .0719
26776 1.6384 .965 .0752 –. 0485
27486 1.7071 .970 .0662 –. 0418 :%%
28300 L 7862 .975 .0568 –. 0351
29265 L 8805 .980 .0470
3.0462

–. 0283 : :Lg
L 9981 .985 .0368 –. 0215 .0511

3.2069 21568 .990 .0259 –. 0145 .0366
3.2473 21969 .991 –. 0131 .0335
3.2918 22410 .992 : %?: —. 0117 .0303
3.3415 22904 .993 .0189 –. 0102 .0271
3.3980 23464 .994 .0165 –. 0088 .0238

3.4635 24116 .995 .0140 –. 0074 .0203
3.5418 24895 .996 .0115 –. 0059 .0168
3.6400 25874 .997 .0089 –. 0044 .0131
3.7738 27209 .998 .0061
3.9916

–. 0030 .0092
29384 .999 .0032 –. 0015 .0049

5.1056 4.0521 L 000 .0000 –. 0000 .0000

9

0
.0678
.1360

:%&

.3472

.4212

.4976

.5772

.6606

: L?

1:%x
1.1726

1.3085
1.4659
1.6562

L 9030
1.9636
Z 0299
21031
21852

2.2793
2.3322
2.3903
2.4548
2.5275
2.6109
27099
28327

29977
3.0392
3.0849
3.1359
3.1939

3.2611
3.3414
3.4421
X 5792
3.8023

49344

f

o
.0016

0068
i: 0154
.0277

.0439

.0643

.0892

.1191

.1545

.1964

.2456

.3035

.3719

.4534

.5520

.6742

.8314

L 0477
1.1026
1.1632
1.2310
L 3078

1.3967
1.4471
L 5027
1.6648
1.6351
1.7163
1.8130
1.9338

20967
21378
21831
22338
22913

23581
24381
25385
26753
28980

4.0298

J3=2.0, S.=–l.o

f’

o
. :5J

.150

.200

.250

. ;:;

.400

.450

.500

.560

. E:

.700

.750

.800

.850

.900

.910

.920

.930
, 940

.950

.955

.::

.970

.975

.980

.985

.990

.991

.992

.903

.964

.995

.996

. !33;

.909

1.000
J

f,

O. 7381

: %:
.7188
.7045

.6869

.6660

.6420

.6150

.6852

.5525

.5170

.4786

.433

.3444

.292-4

.2355

: ~g

.1206

.1144

.0986

. ::)

.0735

.0646

.0564

.0458

.0368

.0252

.0230

.0207

.0184

.0161

.0137

.0112

.0087

.0060

.0032

.0000

s

– L 0000
–. 9647
–. 9202
–. 8933
–. 8567

–. 8196
–. 7814
–. 7421
–. 7012
–. 6693

–. 6165
–. 6696
–. 6215
–. 4707
–. 4172

–. 3603
–. 2906
–. 2344

–. 1630
–. 1490
–, 1330
–. 1185
–. 1028

–. 0868
–. 0786
–. 0704
–. 0620
–. 0536
–. 0460
:: C);%

–. 0186
–. 0167
–. 0140
–. 0131
–. 0113

:: ;Jg

–. 0057
–. 0038
–. 0010

–. 0000

s’

0.6203
. :5:;

: :5;:

.5177

: %:!

: %%’

. 4D53

.4862

.4721

.4551

.4330

.4045

.3674

.3187

: ;%

.2014

.1814

: ~~

:1232

: :::;
.0801
.0636

.0466

: E%
.0338
.0207

.0254

: %%

: %;:

. 0000
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TABLE l.—Continuod. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAY13R EQUATIONS.

f

o
–. 0053
–. 0202
–. 0433
–. 0733
–. 1086

–. 1474
–. 1882
–. 2291
–. 2678
–. 3016

–. 3273
–. 3410
–. 3379
–. 3121
–. 2568

–. 1647
–. 0287

: K%
.6794

L 0071
1.3662
1.7457
21369
25336

2.9324
3.3321
3.7321

P= –0.10, S.=–0.8

f

o
–. 0268
–. 0482
–. 0670
–. 0821
–. 0933

–. 1005
–. 1030
–. 1004
–. 0918
–. 0769

–. 0611
–. 0164

.0336

. ;;:

.2823

.3999

.6278

.6656

.7709

.8632

.9276

.9666

.9866

.9954

.9987

i %%:

Y

–o. 0686
–. 0603
–. 0515
–. 0426
–. 0330
–. 0231

–. 0123
–. 0003

.0136

.0301

.0601

.0746

.1048

.1413

.1837

.2301

.2762

.3103

.3246

.3091

.2629

.1964

.1270

.0703

.0332

.0133

.0045

.0013

.0003

s

–o. 8000
–. 7821
–. 7642
–. 7461
–. 7277
–. 7087

–. 6889
–. 6679
–. 6452
–. 6204
–. 59!28

–. 6616
–. 5260
–. 4853
–. 4388
–. 3861

–. 3278
–. 2666
–. 2029
—. 1440
–. 0937

–. 0563
–. 0295
–. 0146

‘–. 0070
–. 0038

–. 0026
–. 0022
–. 0021

s’

0.0447
.0448
.0460
.0455
.0466
.0483

.0509

.0644

.0691

.0663

.0732

.0830

.0950

.1088

.1241
, 1392

1516
:1678
.1541

: ;?%

.0799

.0497

.0267

.0123

.0048

.0016

.0005

.0001

o
.2
.4

.:

1.0
1.2
1.4
1.6
1.8

2.0

::
2.6
2L8

3.0

::
3.,6
3.8

4.0

2:
46
4.8

6.0
&2
64
6.6
ti8

6.0
6.2
6.4

::

7.0
7.2

o
–. 0009
–. 0034
–. 0068
–. 0106

–. 0140
–. 0163
–. 0166
–, 0139
–. 0073

.0044

.0224

.0479

.0822

.1264

.1817

.2492

.3297

.4239

.6320

.6538

.7890
9366

1:0963
1.2638

L 4406
L 6239
1.8124
20047
21998

23968
26960
27940
29935
3.1932

3.3931
3.5931

6= –o.2686, S-= –0.8

f

o
–. 0089
–. 0152
–. 0186
–. 0187

–. 0150
–. ():):

.0224

.0450

.0733

.1077

.1483

.1951

.2479

.3063

.3696

.4364

.6055

.5750

.6430

.7076

: :!::
.8644

.9015

.9309

.9532

.9694

.9808

.9884

.9933

.9963

.9981

.9991

9997
1:0000

f’

–O. 0600
–. 0383
–. 0246
–. Oow

.0086

.0282

.0499

.0737

.0994

.1272

.1566

.1872

.2184

.2493

.2786

.3049

.3264

.3413

.3481

.3455

.3330

.3109

.2807

.2446

.2052

.1666

.1283

.0954

.0681

.0465

.0306

.0192

.0116

.0067

.0037

.0020

.0010

s

–O. 8000
–. 7634
–. 7268
–. 6902
–. 6535

–. 6168
—. 5799
–. 5430
–. 5069
–. 4687

–. 4315
–. 3943
–. 3672
–. 3206
–. 2846

–. 2493
–. 2164
–. 1832
–. 1530
–. 1253

–. 1003
–. 0784
–. 0598
–. 044!2
–. 0318

–. 0221
–. 0148
–. 0096
–. 0069
–. 0035

–. 0019
–. 0009
–. 0003

.0000

.0002

.0003

.0003

O. 1829
.1829
.1830
.1832
.1836

.1840

.1845

.1861

.1867

.1861

.1862

.1867

.1844

.1821

.1783

.1730

.1657
1564

:1451
.1319

.1172

.1015

.0854

.0697

.0561

.0420

.0309

.0219

.0150

.0098

.0062

.0038

.0022

.0012

.0007

.0003

.0002



—..

942 REPORT 129%NATIONAII DVISORY COMMITTEE FOR

TABLE l.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

o
.2
.4

::

1.0

i: 2

:::

2.0

2;

;:

3.0
3.2
3.4
3.6
3.8

2;

::
4.8

t!
6.4

k:

6.0
6.2
6.4
6.6
6.8

A33RONAUTICS

o
.0001
.0007
.0026
.0066

.0132

.0238

.0393

.0610

.0900

.1276

.1750

.2335

.3041

.3877

. ;s4;

:7203
-8580

1.0079

1.1687
1.3391
1.5173
~. W;;

2.0842
2.2798
2.4771
2.6764
2.8746

3.0741
3.2738
3.4737
3.6737
3.8737

t’3= –0.3088, S.= –0.8

jl

o
.0013
.0057
.0136
.0257

.0425

.0644

.0920

.1256

.1654

.2116

.2639

.3219

. ~:

.6201

.5890

.6563

. ~199

. 1779

.8291

.8727

:%:
.9570

.9722

.9827

.9896

.9940

.9967

.9983

.9992

.9996
9999

1:0000

o
.0137
.0303
.0496
.0716

.0963

: ~g

.2151

.2466

.2764

.3031

.3247

.3395

:%8
.3286
.3056
.2742

.2372

.1975

.1680

.1213

.0893

.0630

.0426

.0276

.0172

.0103

.0059

.0032

.0017

.0009

.0004

s

–o. 8000
–. 7648
–. 7096
–. 6644
–. 6192

–. 5741
–. 5209
–. 4843
–. 4399
–. 3960

–. 3529
–. 3109
–. 2704
–. 2317
–. 1953

—. 1616
—. 1311
–. 1039❑::=

–. 0444
–. 0.316
–. 0218
–. 0145
–. 0094

–. 0058
–. 0036
–. 0020
–. 0011
–. 0006

–. 0003
–. 0001
–. 0000

: %::

s’

O. 2261
.2260
.2260
.2260
.2258

.2253

. g:

.2209

.2176

.2130

.2067

.1984

.1881

.1756

.1609

.1445

.1267

.1082

.0898

.0723

.0563

.0423

.0306

.0214

.0144

.0093

.0058

.0034

.0020

.0011

.0006

.0003

.0001

.0000

~= —0.326, S.= —0.8
—

T f f, f. s s’

o 0 0 0:p; –~ ;:;; O. 2546
.2 .0011 .0113 2546
.4 .0047 .0258 .0819 –. 6082 :2644
.6 .0442 .1029
.8

–. 6474 .2640
: % .0672 .1269 –. 6966 .2631

1.0 .0389 .0952 .1536 –. 6462 : g;;
1.2 .0611 1287 .1821 –. 4961
1.4 .0907 :1681 –. 4466 ; ~;:
1.6 .1288 .2135 :%; –. 3f)80
1.8 .1765 .2649 .2714 –. 3607 . 232Ll

2.0 .2361 .3219 .2978 –. 3060 .2230
2.2 .3066 .3837 .3196 –. 2614 .2118
2.4 .3889 .4493 .3349 –. 2204 .1977
2.6 .4865 : ;17; .3420 –. 1826 .1812
2.8 .5958 .3396 –. 1481 .1620

3.0 .7196 .6623 .3272 –. 1176 .1420
.7157 .3052 –. 0911 .1218

$: 1: %% . 7738 .2749 –. 0688 .1012
3.6 1.1666 .8263 .2388 ~: :;;: .0816
3.8 1.3362 .8691 .1996 .0036

1.6127 .9062 .1604
?;

–. 0260 .0477
1.6967 .9336 .1236 –. 0168 .0346
1.8867 .9649 .0914 –. 0110 .0242

2; 2.0783 .9705 .0648 –. 0070 .0163
48 2.2735 .9812 .0440 –. 0043 .0106

5.0 2.4705 .9884 .0287 –. 0027 .0066
6.2 2.6687 .9930 .0179 –. 0016 .0039
5.4 2.8676 .9959 : ::); –. 0010 .0023
5.6 3.0670 .9976 –. 0007 .0013
5.8 3.2666 .9934 .0030 –. 0006 .0000

6.0 3.4664 .9991 .0024 –. 0004 .0006
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TABLE I.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

~
—.

o
.2
,4

.:

1.0
1, 2
1.4
L 6
1.8

2.0
2.2
2.4
2.13
2,8

t:
3.4
3, 6
3.8

40
42
44
4.0
48

5.0
5.2
6,4
5.6
5.8

:;
6.4

$:

7.0
7.2

f

o
.0016
.0063
.0153
.0292

.0491

.0760

.1110

.1553

.2101

:%:
.4474
.6530
.0722

.8047

.9497
1.1061
1.2727
1.4477

1.6297
1.8172
2.0088
2.2033
2,3999

2.5978
2.7967
2.9960
3, 1956
3.3964

3.5964
3.7963
3, 9953
4.1963
43963

4.5953
4.7953

9= –o.3285,Sm= –0.8

f’

o
.0163
.0039
.0665
.0836

.1169

.1538

.1974

.2470

.3021

::%
.4939
.5622
.6297

.6945

.7646

: %!:

.9249

.9487

.9662

.9786

.9868

.9922

:%%
.9987
.9994

1.0000
1.0000

r

O. 0693
.0842
.1024
.1238
.1482

.1760

.2036

.2331

.2621

.2892

.3126

.3301

.3401

.3412

.3324

.3138

.2863

.2520

.2136

.1741

.1362

.1022

.0735

.0607

.0336

. ():);

:0076
.0042
.0023

.0012

.0006

.0003

.0001

.0001

.0000

.0000

s

–O. 8000
–. 7471
–. 6943
–. 6415
–. 5888

–. 6366
–. 4847
–. 4337
–. 3838
–. 3366

–. 2892
–. 2453
–. 2045
–. 1671
–. 1337

–. 1046
–. 0796
–. 0590
–. 0426
–. 0297

–. 0201
–. 0131
–. 0083
–. 0061
–. 0030

–. 0017
–. 0010
–. 0006
–. 0003
–. 0001

–. 0001
.0000
.0000
.0000
.0000

.0000

.0000

.

s’

0.2644
.2644
.2642
.2636
.2626

.2606

.2573

.2626

.2459

.2371

.2259

.2121

.1968

.1772

.1568

.1363

.1136

.0925

.0729

.0666

.0408

.0289

.0197

.0129

.0082

.0050

.0029

.0016

.0009

.0006

.0002

.0001

.0000

.0000

.0000

.0000

.0000

9

0
.2
.4

.:

1.0
1.2
1.4
1.6
1.8

;:
2.4
2.6
2.8

3.0

2:

?:

40
4.2

::
4.8

::
5.4
5.6
5.8

6.0
6.2

f

o
.0023
.0096
.0226
.0423

.0696

.1064

.1510

.2074

.2766

.3663

.4603

.5579

.6791

.8134

1: %!
1.2866
1.4615
1.6443

1.8323
2.0242
2.2190
2.4158
2.6138

2.8127
3.0121
3.2117
3.4115
3.6114

3.8113
4.0113

P = –0.3286, S. = –0.8

j)

o
.0234
.0502
.0810
.1164

.1569

.2027

. %%’

.3716

.4366

.6039

. %7;

.7031

.7622

.8151

.8606

.8981

.9281

.9610

.9678

.9796

.9875

.9926

.9957

.9976

.9987

.9993

.9996

.9998

.9999

f“

0.1100
.1250
.1434
.1660
.1893

.2156

.2428

.2698

.2948

.3162

.3319

.3401

.3395

.3292

.3093

.2810

.2463

.2079
.. 1687
.1314

.0982

.0704

. i?8

.0201

.0121

.0071

.0039

.0021

.0011

.0006

.0002

s

–o. 8000
–. 7436
–. 6873
–. 6311
–. 6761

–. 5196
–. 4649
–. 4114
–. 3694
–. 3096

–. 2624
–. 2185
–. 1784
–. 1426
–. 1111

–. 0846
–. 0626
–. 0449
–. 0313
–. 0211

–. 0138
–. 0087
–. 0063
–. 0032
–. 0018

–. 0010
–. 0005
–. 0003
–. 0002
–. 0001

–. 0001
.0000

s’

O. 2818
.2818
.2815
.2806
.2788

.2758

.2710

.2642

.2649

.2430

.2281

.2105

.1904

.1683

.1460

: :::;
.0776
.0590
.0432

.0305

.0207

.0136

.0085

.0052

.0030

.0017

.0009

.0006

.0002

.0001

.0000
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TABLE l.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

b= –0.325, S.= –0.8

v f f’ r s s

o 0 0
.3379

0.1353 –o. 8000 0.2913
050 .1623 –. 7015 .2911

.6210 : !%? :100 . 1922 –. 6192

.8632
.2897

.0590
L 0761

–. 5494 .2866
.0961 : %’? : % –. 4888 .2819

1.2677 .1391 .250 .2732
1.4439

–. 4353 .2757
300 .2944 –. 3874 .2679

1.6087 : E;: :350 . 3120 –. 3440 .2587
L 7654 .2997 .400 –. 3042 .2479
L 9165 .3639 .460 ::% –. 2677 .2359

2.0643 .4341 .500 -3406 –. 2338 .2224
Z 2108 .5110 .550 .3412 –. 2023 .2076
23582 .5958 .600 .3366 –. 1729 .1913
25088 .6899 .650 .3265 –. 1454 .1737
26656 .7958 .700 .3103 —. 1197 .1545

28327 750 .2874 –. 0956 .1339
3.0161 i %;; :800 . 2569
3.2268

–. 0731 .1118
L 2332 .850 .2172 –. 0521 .0878

3.4876 1.4618 .900 .1663 –. 0328 .0618
3. 5s00 ~ &8; .910 .1544
3.6175

–. 0291 .0563
.920 .1419

3.6915
–. 0255 .0507

930 .1236 –. 0219 .0450
3.7737 %% :940 . 1146 –. 0185 .0392

3.8672 L 8136 .950 .0996
3.9194

–. 0151 .0332
L 8634 .955 .0918

3.9764
–. 0134 .0302

L 9180 .960 .0836
4.0394

–. 0118 .0271
L 9786 .965 .0752

4.1101
–. 0102 .0239

20470 .970 .0664
4.1911

–. 0086 .0208
21268 .975 .0572

4.2867 22192
–. 0071 .0176

.980 .0475
4.4050 23354

–. 0056 .0143
.985 .0373 –. 0041 .0109

4.5632 24917 .990 .0263
4.6029

–. 0026 .0074
25310 .991 .0240

4.6466
–- 0024 .0067

2.5743 .992 .0217
4.6963

–. 0021 .0060
26228 .993 .0193 –. 0018 .0053

4.7507 26777 .994 .0168 —. 0015 .0046

4.8148 27415 .995 .0143 –. 0013
4.8915 28178 .996 .0117 –. 0010 : :W
& 9876 29136 .997 .0091
5.1186

–. 0007 .0024
3. OG3 .998 .0063

& 3319
–. 0005 .0016

3.2573 .999 .0033 –. 0002 .0008

6.4265 4.3506 1.000 .0000 –. 0000 .0000

o
.2310
.4447

.8259

1: ;;;;
3.3159
1.4660
1.6124

1.7568
1.9010
20468
21964
23526

2.5194
27030
29142

3.2759
3.2386
3.3063
3.3806
3.4631

3.5569
3.6094
% 6667
3.7299
3.8010
3.8823
3.9784
4.0972

& 2562
4.2961
4.3400
4.3890
& 4446

4.5090
45860
k 6827
4.8143
5.0287

6.1270

f

o
.0056
.0215
.0461
.0782

.1168

.1615

.2120

:%2

.3990

.4747

.5586

.6521

.7576

.8786
1.0210
1.1954

1.4246
1.4813
1.5433
1.6120
1.6892

1.7779
1.8279
L 8827
1.9436
z 0123
20915
21854
23022

24592
24986
25422
25008
26460

27101
27868
28831
3.0144
3. 22%

4.3265

II= –0.3, SW= –0.8

f’

o
.060
.100
.150
.200

.250

.300

.350

.400

.450

.500

.550

.600

.650

.700

.750

. :;

.900

.910

.920

.930

.940

.960

.955

.960

.965

.970

.075

.980

.986

.990

.991

.992

.993

.994

.995

.996

.997

.998

.999

L 000

0.2086
.2248
.2435
.2629
.2819

.2995

.3151

.3280

.3380

.3445

.3472

.3457

.3395

. :2s:

.2875

.2566

.2166

.1657

.1538

.1413

.1281

.1141

.0992

.0914

: %%
.0661
.0569
.0473
.0371

: ;%:
.0216
.0192
.0167

.0142

.0117

.0090
, 0062
.0033

.0000

s

–0, 8000
–. 7271
–. 6597
–. 5978
–. 6407

–. 4870
–. 4390
–. 3934
–. 3607
–. 3108

–, 2732
–’. 2378
–. 2044
–. 1729
–. 1431

–. 1149
–. 0883
–. 0633

–. 0400
–. 0366
–. 0312
–. 0269
–. 0227

–. 0186
–. 0166
–. 0146
–. 0126
–. 0107
–. 0088
–. 0069
–. 0061

–. 0033
–. 0029
–. 0026
–. 0022
–. 0019

–. 0016
–. 0012
–. 0009
–. 0006
–. 0003

–. 0000

s’

0.3164
.3164
.3146

: %:

.3040

.2973

.24388

.2786

.2667

.2630

.2376

.2204

.2013

.1804

.1674

.1322

.1046

.0743

.0678

.0012

.0646

.0476

: %%
.0330
.0203

: %%
.0175
.0134

.0092

: %E
.0066
.0056

: ::$;
.0020
.0020
.0010

.0000
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TABLE I.—Continued. SIhfILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

B=–0.14, SW= –0.8
,

v f
j/

f“ s s’

o 0 0 0.3841 –:. ;3::
.0032

0.3590
.050 .3882 .3590

: % .0128 .100 .3926 –. 7075 .3590
.3841 .0286 .150 .3970 —. 6622 . 35s0
. 60~4 .0605 .200 .4009 –. 6174 .3660

.0784 .250 .4039 ~: ;;5
: % .

.3530
1124 .300 .4057 .3490

.8804 .1624 .360 .4068 –. 4873 .3440
1.0039 .400 .4039 –. 4463 .3360
1.1283 :;% .460 .3996 –. 4040 .3270

1.2646 .3116 .500 .3926 –. 3634 .3160
1.3837 .3796 .660 .3822 –. 3235 .3020
1, 6170 .4662 .600 .3682 –. 2843 .2860
1. (3661 .6432 . ~60 .3500 –. 2469 .2670
1.8038 .6429 . /00 .3269 –. 2081 .2440

1.9636 .750 .2934 –. 1711 .2190
2, 1417 : ::% .800 .2633 –. 1349 .1890
2,3489 1. 06S2 .850 .2202 –. 0995 .1540

2.6077 1.2050 .000 .1669 –. 0650 .1140
2, 6699 1.3513 .910 .1647 –. 0682 .1050
2.7376 1.4131 .920 .1419 –. 0515 .0960
2. S116 1.4817 .930 . 12s5 –. 044s .0860
2. S941 1.6688 .940 .1143 –. 03s1 .0760

2, 9s79 1.6475 .960 .0992 –. 0316 .0650
3.0405 1. f3976 .966 .0913 –. 0283 .0600
3.0979 1.7526 .960 .0831 –. 0250 .0640
3.1614 1. S13S .965 .0747 –. 0218 .0480
3. 232S 1.8828 .970 .0659 –. 0186 .0420
3,3146 1.9623 .975 .0667 –. 0154 .0360
3.4110 2.0666 . 9s0 .0471 –. 0122 .0300
3,6306 2.1741 . 9S6 .0369 –. 0091 .0230

3,6906 2.3320 :::: .0260 –. 0060 .0160
3.7306 2.3718 .0237 –. 0054 .0150
3.7749 2. 415s .992 .0214 –. 0047 .0130
3. S243 2.4647 .993 .0191 –. 0041
3.8803 2.6204 .994 .0166 –. 0035 : ::%

3.9462 2.6849 .995 .0142 –. 0029 .0090
4.0228 2.6622 .996 .0116 –. 0023 .0070
4.1201 2.7691 .997 .0090 –. 0017 .0050
4.2524 2.8912 .998 .0062 –. 0011 .0040
4, 407s 3.1062 .999 .0033 –. 0005 .0020

6,6574 4.1965 1.000 .0000 .0000 .0000

o
.0768
.1647
.2339
.3147

.3971
: ;:;;

. 66S6

.7520

.8496

.9524
1.0614
1.1784
1. 305s

1.4472
1. 60s6
1.8010

2.0469
2.1069
2.1723
2244
2.3250

2.4171
2.4690
2.5257
2. 5ss7
2.6596
2.7410
2.8376
2.9673

3.1183
3.1588
3.2034
3.2532
3. 309s

3.3766
3.4640
3.6626
3.6869
3.9056

5.0257

f

o
.0019
.0077
.0177
.0318

.0504

.0737

.1020

.1357

.1755

.2219

.2759

.3387

.4119

.4979

.6006

. 725S

. 884s

1.1003
1.1546
1.2144
1.2811
1.3665

1.4436
1.4930
1.5473
1.6079
1.6766
1.7557
1.8501
1.9678

2.1268
2.1669
2.2111
2.2606
2.3168

2.3821
2.4603
2. 66s6
2.6925
2.9109

4.0307

~=0.6, SW= –0.8

y

o
.060
.100
.150
.200

.260

.300

.360

.400

.450

.500

.550

.600

.650

.700

.750

. Soo

.850

.900

.910

.920

.930

.940

.950

.965

.960

.965

.970

.976

.980

.985

.990

.991

. !33:

.994

.995

.996

.997

.998

.999

1.000

f’

D.6546
.6464
.6368
. 626S
.6133

.5993

.5836

.6659

.5463

.5246

.6004

.4737

.4441

.4111

.3743

.3333

.2870

.2346

.1737

.1603

.1463

.1318

.1166

. 100i

.0925

.0840

.0762

.0662

.0568

.0470

.0367

.0268

.0236

.0212

.0189

.0166

: :;%
. 00S8
.0061
.0032

.0000

s

–O. 8000
–. 7690
–. 7375

❑:%;

–. 6400
–. 6063
–. 5717
–. 5363
–. 5000

–. 4627
–. 4243
–. 384s
–. 3439
–. 3016

–. 2577
–. 2119
—. 1641

—. 1137
–. 1032
–. 0926
–. 0819
–. 0710

–. 0599
–. 0643
–. 0486
–. 0429
–. 0371
–. 0312
–. 0262
–. 0192

–. 0130
–. 0117
–. 0105
–. 0092
–. 0079

–. 0066
–. 0063
–. 0040
–. 0027
–. 0013

.0000

s’

0.403
.403
.403
.403
.402

.401

.399

.396

.391

. 3S6

,379
.369
.357
.342
.323

.298

.268

.230

.180

.169

.156

.143

.128

.113

. ;8

.087

.077

.067

: E:

.032

.030

. 1%;

.021

.018

: W
.008
.004

.000
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TABLE I.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATION’S,

9

0
. 05s1
.1176
.1788
.2418

.3069

.3746

.4453

.5194

.5975

6805
:7694
. ;;3;

1:0864

L 2179
1.3711
1.5572

1.7999
L 8597
1.9262
1.9077
2.0790

2.1724
2.2250
~ &y;

2:4193
2.5025
2.6013
2.7240

2.8891
2.9307
2.9764
3.0276
3.0856

3.1530
3.2336
3.3347
3.4724
3.6964

4.8362

f

o
.0014
.0059
.0136
.0246

.0393

.0580

.0810

.1088

.1421

.1815

.2283

.2836

.3491

.4277

.5232
6420

:7958

1.0085
1.0627
1.1226
1.1897
1.2667

1.3640
1.4041
1.4594
1.5212
L 5912
1.6721
1.7687
1.8893

; ;:%

2.1389
2.1897
2.2473

2.3144
2.3946
2.4953
2.6327
2.8664

3.9959

6=1.5, Sw= –0.8

j,

o
.050
.100
.150
.200

.250

.300

.350

.400

.450

.500

.550

.600

. Q50

. 100

.750

.800

.850

.900

.910

.920

.930

.940

.950

:::$
.965
.970
.975

. ;E

.990
-991
.992
.993
.994

.995

.996

.997

.998

.999

L 000

r

O. 8689
.8504
.8296
.8066
.7812

. ;63:

.6922

.6582

.6221

.5838

.6432

.5003

.4547

.4064

.3549

: %9;

.1744

.1603

.1458

.1308

.1154

.0993

.0910

.0825

.0738

.0648

.0555

.0459

.0358

.0252

.0229

.0207

.0184

.0160

.0136

.0112

.0086

.0060

.0032

.0000

s

–o. ;;:;

~: 7498
–. 7238
–. 6970

–. 6693
–. 6406
–. 6108
–. 5797
–. 5471

–. 5130
–. 4770
–. 4389
–. .3985
–. 36s4

–. 3092
–. 2592
–. 2049

–. 1452
–. 1324
–. 1194
–. 1061
–. 0924

–. 0784
–. 0712
–. 0639
–. 0565
–. 0489
–. 0413
–. 0335
–. 0255

–. 0173
–. 0156
–. 0139
–. 0122
–. 0105

–. 0088
–. 0071
–. 0064
–. 0036
–. 0018

.0000

s’

0.4261
.4261
.4260
.4258
.4253

: %
.4211
-4182
.4142

.4088

.4015

.3919

.3792

.3626

.3406

.3117

.2729

.2195

.2063

.1921

.1767

.1699

.1416

.1317

.1213

.1103

.0986

.0861

.0726

.0680

.0419

.0386

.0349

.0313

.0275

.0236

::%
.0107
.0068

.0000

n

o
.0533
.1081
.1645
.2229

.2834

.3466
- .4128

.4826

.5566

.6355

.7206

.8129

.9144
1.0278

1.1570
1..3086
1.4941

1.7377
1.7980
1.8640
1.9372
2.0193

2.1137
2.1670
2.2254
2.2903
2.8636
2.4477
2.5476
2.6718

2.8387
2.8806
2.9269
: :;J

3.1051
3.1864
3.2883
3.4270
3.6526

4.7958

——

f

0
.0013
.0054
.0126
.0227

.0364

.0638

.0754

.1016

.1331

.1706

.2163

.2686

.3321

.4087

.5025

.6202

.7736

9870
1:0416
1.1020
1.1697
1.2465

1.3357
1.3864

i: ~8
1.5758
1.6676
1.7553
1.8773

2.0421
2.0837
2.1296
2.1808
2.2390

2.3066
2.3876
2.4891
2.6274
2.8627

3.9956

P=2.0, S.= –0.8

j,

o
.050
.100
.160
.200

:%:
.360
.400
.450

.500

.650

.600

.650

.700

.750

: :E

.900

.910

.920

.930

.940

.960

.965

.960

.965

.970

.976

.980

.985

.990

.991

.992

.993

.994

.996

.996

.997

.998

.999

1.000

f’

o. w;

.9003

.8724

.8421

, :0;

.7370

.6976

.6668

.6121

.5662

.6181

.4678

.4152

. woo

.3019

.2401

.1732

.1590

.1446

.1296

.1142

.0982

. :);:

. 072fI

: :E:
.0464
.0364

.0249

.0227

.0206

.0182

.0169

.0136

.0111

.0086

. O06fI

.0031

.0000

s

–O. 8000
–. 7768
–. 7631
–. 7287
–. 7036

–. 6773
–. 6501
–. 6216
–. 6918
–. 6604

–. 5273
–. 4921
–. 4646
–. 4144
–. 3711

–. 3242
–. 2720
–. 2166

–. 1639
–. 1406
–. 1267
–. 1126
–. 0980

–. 0831
–. 0764
–. 0677
–. 0698
–. 0618
–. 0437
–. 0363
–. 0269

–. 0182
–. 0164
–. 0146
–. 0129
–. 0111

–. 0003
–. 0074
–. 0066
–. 0037
–. 0019

.0000

-——

s’
——.

0.4331

: :%;
.4329
.4324

.4317

: :%!
.4261
.4226

.4176

.4108

.4019

: :%:

.3526

.3230

.2848

.2299

.2163
2010

::86:

: :!;

.1168

.1036

: :%
, 01308

.0438

: E%

: %!

: %::
.0168
.0111
.0060

.0000
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TABLE I.—Continued. SIMILAR SOLUTIONS OF LAMINAR CO MI?RE9SIBLE BOUNDARY-LAYER EQUATIONS.

0
.2
.4

::

L o
L 2
1,4
1.6
1.8

2,0
22
!24
26
28

3.0
3, 2
3,4
3, 6
3,8

t!
4.4
46
4,8

5.0
6.!2
5.4
6, 6
5, 8

6.0
6.2
6.4
6.6
6.8

f

o
–. 0008
–. 0025
–. 0038
–. 0035

–. 0004
.0069
.0197
.0393
.0673

.1048

.1633

.2138

.2873

.3745

.4767

.5912

.7203

.8625
1.0165

1.1809
L 3543
1.6350
1.7214
L 9122

21062
2+ 3024
2, 5000
26086
2.8978

3.0973
3,2970
3.4969
3.6968
3.8967

9= –O. 2360, S.= –0.4

J-’

o
–. 0071
–. 0084
–. 0037
–. 0073

.0249

.0490

.0800

.1179

.1627

.2140

.2714

.3342

.4012

.4710

: %::
.6791
.7414
.7974

.8459

.8865

::%
.9628

.9760

.9850

: :::?
. 9969

. :;;:

.9993

.9995

. 9997

f“

–o. 0500
–. 0213

.0085

.0393

.0712

.1041

.1379

.1722

.2067

.2404

. :;:

.3256

.3434

.3533

. 3s39

.3445

.3252

.2970

.2621

.2229

.1825

.1436

.1085

.0786

.0647

.0365

.0234

.0144

.0085

.0048

.0027

.0014

.0007

.0003

s

–o. 4000
–. 3779
–. 3557
–. 3336
–. 3114

–. 2893
–. 2671
–. 2449
–. 2229
–. 2010

–. 1794
–. 1583
–. 1378
–. 1182
–. 0996

–. 0825
–. 0668
–. 0529
–. 0409
–. 0308

:: ())%

–. 0110
–. 0073
–. 0048

–. 0030
:: ::;:

–. 0006
–. 0003

–. 0002
–. 0001
–. 0001
–. 0001

.0000

s

0.1107
.1107
.1107
.1108
.1108

.1109

.1108

.1106

.1099

.1088

.1069

.1042

.1005

.0956

.0895

. ()):

.0649

.0554

.0459

.0369

.0286

.0214

.0155

.0107

. OQ72
; 03;:

.0017

.0010

.0005

.0003

.0001

.0001

.0000

o
.2
.4

.:

1.0
L 2
1.4
1.6
1.8

20
22
24
26
28

3.0
3.2
3.4
3.6
3.8

40
42
44
4.6
4.8

5.0

::
5.6
5.8

6.0

f

o
.0002
.0016
.0055
.0131

.0259

.0451

.0721

.1084

.1552

.2137

.2849

.3696

.4683

.5810

.7075

.8471

i W?
1.3326

L 5118
1.6969
L S867
20798
22753

2.4724
2.6705
2.8693
3.0685
3.2679

3.4675

/9=-0.2460, S.=–0.4

o
.0030
.0121
.0277
.0498

.0787

.1146

.1573

.2067

.2623

.3235

.3893

.4582

.5285

.5985

.6660

.7291

.7861

.8360

.8780

.9119

. %J

.9821

.9885

.9926

.9952

.9967

.9975

.9980

f,

o
.0301
.0615
.0940
.1276

.1618

.1964

.2305

.2631

.2929

.3184

.3379

.3497

.3524

.3452

.3280

.3017

.2681

.2298

.1896

.1504

.1146

.0839

.0589

.0397

. ::):

.0096

.0056

.0032

.0018

s

–o. 4000
–. 3750
–. 3600
–. 3251
–. 3001

–. 2752
–. 2504
–. 2260
–. 2018
–. 1782

–. 1552
–. 1333
–. 1126
–. 0933
–. 0758

–. 0602
–. 0466
–. 0352
–. 0258
–. 0184

–. 0127
–. 0084
–. 0054
–. 0034
–. 0020

–. 0011
–. 0006
–. 0003
–. 0001

.0000

.0000

s’

O. 1249
.1249
.1249
.1248
.1246

.1241

.1233

.1218

.1197

.1166

.1124

.1069

.1002

.0922

.0830

.0730

.0625

.0520

.0419

.0327

.0246

.0178
.0124
.0084
.0054

.0034

.0020

.0012

.0006

.0003

.0002



— —-—.

948 REPORT 1293—NATIONAL ADVISORY COMMI’MTID FOR AERONAUTICS

TABLE l.—Cont~mued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BO~TDARY-LAYER EQUATIONS.

L6.0
6.2
6.4

f

o
.0012
.0056
. 014s
.0293

.0511

.0815

.1216

.1728

.2362

.3126

.4028

.5071

. 62S4

.7572

i %%
1.2243
L 3992
1.6811

1.7684
L 9598
21642
23507
25485

27471
29463
3.1468
3.3455
3. S453

3.7451
3.9450
4.1448

/3= –0.2483, s.= –0.4

f’

o
.0130
.0323
.0580
.0903

.1294

.1752

.2274

.2856

.3489

.4162

.4860

.5566

. 62S8

.6919

.7530

.8075
-8544
.:3

. :1%

.9778

.9861

.9915

.9949

: %E
.9987
.9991

.9992

.9993

.9994

f

0.0600
.0805
.1122
. 14s0
.1786

.2J23

. EE

. :04;

.3441

.3524

.3513
- ;40:

.2899

.2641

.2146

.1744

.1362

.1021

.0734

.0506

.0335

.0213

.0130

.0076

.0043

.0024

.0013

.0006

.0004

.0000

s

–a 4000
–. 3728
–. 3456
–. 3184
–. 2913

–. 2644
–. 2378
–. 2116
–- 1860
–. 1613

–. 1377
–. 1156
–. 0952
–. 0768
–. 0605

–. 0465
–. 0348
–. 0253
–. 0179
–. 0123

–. 0082
–. 0064
–. 0034
–. 0022
–. 0014

–. 0009
–. 0006
–. 0005
–. 0004
–. 0003

–. 0003
–. 0003
–. 0003

s’

0.1360
.1360
.1359
.1357
.1351

. :%

.1296

.1269

.1209

.1145

.1066

:%%
.0757

.0641

.0528

.0420

: :E

.0172

.0118

.0078

.0050

.0031

.0018

.0010

.0006

.0003

.0001

.0001

.0000

.0000

13= –0.24, S-= –0.4

T f f’ Y s s’

o 0 0 0.1064 – 0.4000 0.1473
.3766 .0083 .050 .1628 –. 3447 .1460
.6490 .0284 .100 .2056
.8782

–. 3060
.0562 –. 2726 ; !:%

L 0687 .0903 : E: : %; –. 2447 .1418

L 2453 .1299 .250 .2956 –. 2199 .1390
L 4087 .1748 .300 .3160 –. 1974 .1366
L 5628 .2248 . 3s0 .3322 –. 1768 .1316
~. glg .2802 .400 .3442 –. 1677 .1267

-3412 .450 .3618 –. 1399 .1212

L 9955 .4083 .600 .3549 –. 1232 .1150
21366 .4824 .560 .3533 –. 1074 .1080
22793 .5644 .600 –. 0926 .1002
24259 .6561 .650 :%: –. 0785
25793 .7596 .700 .3166 –. 0661 : :%!

27433 .8786 .760 .2921 –. 0626 .0719
29242 1.0189 .800 .2600 –. 0405 .0606
3.1328 1.1912 .850 .2191 –. 0292 .0481

3.3918 L 4181 .900 .1672 –. 0186
3. 4s38 L 4742 .910 .1552 –. 0165
3.5210

: :E:
1.6357 .920 . 142s –. 0145 .0283

3.5947 1.6039 .930 .1291 –. 0126 .0262
3.6767 1.6306 .940 .1149 –. 0106 .0221

X 7698 1.7686 .950 .0999 –. 0087 .0188
3.82211 1.8183 .955 . 09xl –. 0078 .0171
3.8789 1.8728 .960 .0838 –. 0068 .0154
3.9418 1.9333 .965 .0753 –. 0050 .0136
& 0125 z 0017 .970 .0664 –. 0050 .0110
4.0934 20805 .975 .0572 –. 0041 .0101
4.1891 21740 .980 .0475 –. 0033 .0082
4.3074 22902 .985 .0372 –. 0024 .0063

4.4658 24467 .990 .0263 –. 0016 .0043
4. S056 24861 .991 .0240 –. 0014 .0039
45493 25295 .992 .0216 –. 0012 .0036
4.5982 25780 .993 .0192
& 6536

–. 0011
26330 .994 .0168 –. 0009 : W;

47179 26970 .995 .0143 –. 0008 .0022
47947 27735 .996 .0117 –. 0006 .0018
4.8912 28696 .997 .0090
h 0226

–. 0004
3.0006 .998 .0062 –. 0003 : %;:

6.2317 3.2144 .999 .0049 –. 0001 .0004

& 5567 46414 1.000 .0000 –. 0000 .0000
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TABLE L-ContinuecL SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

p= –0.2, S.=–O.4

7 f f’
y, s s’

o 0 0
,2161

0.2182 –o. 4000
.0052

0.1626
.050 .2447 –. 3648 .1625

.4108 .0197 : ;:: .2692 –. 3332 .1621
.0419 2914 –. 3044 .1612; :;::
.0709 .200 :3111 –. 2778 .1597

,9115 .1060 .250 .3281 –. 2529 .1575
1.0606 .1470 .300 .3422 –. 2297 .1646
1.2044 .1937 .350 .3531 –. 2077 .1501
1.3444 .2461 .400 .3607 —. 1869 : M:;
L 4821 .3047 .450 .3646 –. 1671

1.6191 .3697 .500 .3647
1.7669

–. 1482 .1345
.4421 .550 .3606 –. 1302 .1272

1.8971 .5227 .600 .3519 –. 1129 .1189
2.0419 .6132 : w: .3381 –. 0964 .1096
2.1039 .7159 .3188 –. 0805 .0990

2.3571 .8343 .750 .2932 –. 0653 .0873
2.6375 .9742 .800 .2604 –. 0608
2,7460

.0742
1.1464 .850 .2190 –. 0369 .0596

3.0064 L 3737 .900 .1668 –, 0236
3,0076 1.4300

.0429
.910 .1648

3, 1350
–. 0211 .0893

;. ::; .920 .1421 –. 0186 .0356
3, 208!3 930 .1287
3.2911

–. 0161 .0318
1:6369 :940 .1146 –. 0136 .0279

3,3846 ;. ;;;; .950 .0995
3, 436il

–. 0112 .0239
955 ; ());: –. 0100 .0218

3,4941 1:8298 :960
: ;;5;

–. 0088 .0196
1.8906 .965 .0750 –. 0077 .0175
1.9592 ; !33: .0662 –. 0066

3:7094 2.0382
.0152

.0570 –. 0054 .0129
3.8064 2.1321 ; !33 .0473
3.9240

–. 0042 .0106
2.2486 .0373 –. 0031 .0082

4.0829 2.4056 .990 .0262 –. 0020 .0057
4.1228 2.4451 .991 .0289 –. 0018 .0051
4.1608 2.4887 .992 .0216
4.2168

–. 0016
2.6373

.0046
.993

4.2714
.0192 –. 0014 .0041

2.5926 .994 .0167 –. 0012 .0036

4.3368 2.6667 .995 .0142
4.4129

–. 0010 .0029
2.7334 .996

4.6096
.0117 –. 0008 .0024

2.8297 .997 .0090 –. 0005 .0019
4.6411 2.9609 .998 .0062 –. 0003 .0013
4.8646 3.1740 .999 .0033 –. 0001 .0007

5.9279 4.2471 1.000 .0000 .0000 .0000

w

o
.0637
.1290
.1962
.2664

.3368

.4108

.4878

.5681

.6523

.7411

.8364
9364

1:0456
1.1667

1.3001
1.4548
1.6406

1.8804
1.9391
2.0032
2.0741

‘ 2.1535

2.2446
2.2957
2.3519
2.4143
2.4846
2.5664
2.6614
2.7807

2.9412
2.9816
3.0261
3.0769
3.1324

3.1980
3.2766
3.3762
3.5097
3.7288

48386

f
.—

0
.0016
.0065
.0149
.0270

.0431

.0635

.0886

.1187

.1646

.1968

. Y&l!

.3729

.4640

.5516

.6716

.8252

1.0353
1.0885
1.1471
1.2127
1.2870

1.3730
1.4218
1.4756
1.5366
1.6037
1.6823
1.7761
1.8983

20518
2.0918
2.1360
2.1864
2.2416

2.3068
23860
2.4833
2.6174
2.8362

3.9458

IS=O.5, s== –0.4

y

o
.050
.100
.150
.200

.260

.300

.350

.400

.450

.600

.560

.600

.660

.700

.750

.800

.860

.900

.910

.920

.930

.940

.960

.955

.960

. :E

.976

.980

.985

.990

.991

.992

.993

.994

.995

.996

.997

.998

.999

1.000

jr,

0.7946
.7753
.7551
.7339
.7116

.6881

.6632

.6369

.6090

.5793

.6477

.5138

.4774

.4381

.3956

.3493

.2984

.2417

.1775

.1635

.1490

.1339

.1183

.1020

.0936

.:1:

.0667

.0672

.0472

.0369

.0269

.0236

.0213

.0189

.0165

.0140

.0116

.0088

.0061

.0032

.0000

s

–o. 4000
–. 3866
–. 3730
–. 3590
–. 3445

–. 3296
–. 3143
–. 2984
–. 2819
–. 2648

–. 2470
–. 2284
–. 2090
–. 1887
–. 1673

–. 1447
–. 1207
–. 0950

–. 0672
–. 0613
:: EM

–. 0430

–. 0365
–. 0332
–. 0299
–. 0266
–. 0230
–. 0195
–. 0169
–. 0122

–. 0033
–. 0076
–. 0068
–. 0060
–. 0051

–. 0043
–. 0035
–. 0026
–. 0018
–. 0009

.0000

s’

1.209
.209
.209
.209
.208

.208

.207

.206

. %

.199

.196

.190

.183

.174

.163

.148

.129

.103

.097

.090

.083

.076

.067

.062

.067

.052

.047

.041

.036

.028

.020

.019

.017

.016

.013

.012

.010

.008

.006

.003

.000
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TABLE L-Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

0
.0381
. :;;;

.1620

.2071

.2646

.3049

.3583

.4155

. ;t2

.6181

.7002

.7932

1.4116
1.4671
1.5284
1.5970
1.6748

L 7651
1.8164
1.8731
1.9365
20086
20919
x 1914
23161

24860
25276
26747
26274
26873

27569
::3:

~ 0876
3.3196

44979

f

o
.0009
.0039
.0091
.0166

.0268

.0399

.0563

.0764
.. 1007

.1301

.1664

.2079

.2693

.3222

.4005

.6007

.6346

.8269

.8772

.9333

i %:;

1. 1s49
1.2038
L 2581
L 3191
1.3888
L 4698
L 5672
L 6897

L 8565
1.8987
1.9454
1.9977
20572

21264
22093
23136
24559
26877

3.8657

&2.o, s.= –0.4

Tt
yf“

o L 3329
050 1.2368
100 L 2386
150 L 1884
200 1.1360

.250 1.0816

.300 1.0252
9668

.% : W&

.450

.500

.550
-600
.660
.700

.750

.800

.850

.900

.910

.920

.930

.940

.950

.955

.960

.966

.970

.976

.980

.985

-990
.991
.992
-993
.994

.995

.996

.997

.998

.999

L 000

.7797

.7134

.6450

.6746

.5021

.4276

.3507

.2714

.1890

.1721

.1649

.1376

.1200

.1021

.0930

.0838

.0744

.0649

.0563

.0454

.0362

.0201

.0178

.0155

.0132

.0108

.0083

.0000

s

–o. 4000
–. 3912
–. 3820
-.3726
–. 3626

–. 3523
–. 3413
–. 3356
–. 3176
–. 3046

–. 2006
–. 2756
–. 2592
–. 2413
–. 2216

—. 1992
–. 1738
–. 1442

–. 1087
–. 1007
–. 0922
–. 0833
–. 0739

–. 0640
–. 0587
–. 0633
–. 0477
–. 0419
:: :;;;

–. 0229

–. 0158
—- 0144
–. 0129
–. 0114
–. 0099

–. 0083
–. 0067
–. 0061
–. 0034
–. 0017

.0000

s’

0.230
.230
.230
.230
.230

.230

.229

.229
.. 228
.227

.226

.223

.220

.216

.210

.202

.191

.174

.148

.141

.134

.126

.116

. %

.068

.058

.048

.036

.032

.030

.027

.024

.020

.017

.013

.009

.005

.000

@= –0.1947, S.=o

~ f f, f“

o 0 0 –0.0600
.2 –. 0007 –. 0061
.4

–. 0111
–. 0019 –. 0044 .0279
–. 0020 .0061 .0669

.: . 0006 .0223 .1068

1.0 .0076 . :47; 1446
1.2 :1820

::% : 1205 .2203
i: : .0688 .1681 . 266fI
1.8 .1077 .2226 .2886

2833
$; : % : 3490 : :;:;
;: .2981 .4186 .3647

.3889 .4903 .3610
28 .4942 .6623 .3674

3.0 .6138 .6326 .3436
3.2 .7470 ; $:!2; .3202
3.4 2886

1: l%; . 8141 :2610
2; L 2182 .8602 .2104

4.0 1.3941 .8983
42 1.5769 .9284 : :%;

1.7660 .9512 . OfJso
i: 1.9570 .9679 .0700
48 21618 .9796 .0480

5.0 2.3486 .9876
52 Z 6467 .9926 : :?;:
5.4 2.7456 .9967 .0121
5.6 29448 .9976 .0070
5.8 3.1444 .9986 .0030

3, 3443 .9992 .0021
:: ; ;44; .9995 .0011
6.4 9997 .0006
6.6 3:9440 : 999s
6.8 4.1440 .9998 : ::%
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TABLE I.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

o
.2
.4
,6
.8

1.0
1, 2
1.4
1.6
1.8

20
22
24
26
28

3.0
3.2
3.4
3.6
3.8

40
4.2
4.4
46
48

5? o
5.2
5.4
5, 6
6.8

6.0
6, 2
6.4
6.6
6.8

?;
::

ti8

f

o
-.0030
-.0108
-.0220
-.0349

-.0483
-.0605
-.0702
-.0769
-.0763

-.0699
-.0553
-.0312

: :%:

.1104

: %

:%%

::;

~ 0855
1.2597

1.4409
1.6277
1.8186
20127
22089

24065
26050
28041
3.0036
3.2033

3.4030
3.6028
3.8027
k 0025
4.2024

B=–OJ, ~.=1.o

f

o
–. 0283
–. 0488
–. 0616
–. 0670

–. 0651
–. 0560
–. 0397
–. 0164

.0140

.0514

.0956

: %
.2658

.3329

.4033

: ‘%
.6188

.6859

.7477

.8028

. 8S02

.8896

.9211

.9456

.9635

.9763

.9850

.9908

:%%
.9978
.9986

.9990

.9992

.9993

.9993

.9994

J-

-0.1613
–. 1217
–. 0831
–. 0455
–. 0086

.0276

.0635

.0990

.1344

.1695

.2042

.2378

.2699

.2992

.3247

.3448

.3582

.3634

.3595

.3461

.3236

.2931

.2568

.2172

.1771

.1390

.1048

.0760

.0529

.0354

.0227

.0140

.0083

.0048

.0026

.0014

.0007

.0004

.0003

.0001

s

1.0000
.9585
.9169
.8753
.8335

.7913

.7488

.7058

.6621

.6178

.5728

.5272

.4811

.4347

.3884

.3425

: %z
.2135
.1755

.1410

.1106

.0845

.0628

.0463

.0317

.0215

.0141

.0090

.0056

.0033

.0020

.0012

.0007

.0004

.0003

.0002

.0002

.0002

.0002

s’

–O. 2Q76
–. 2076
–. 2079
–. 2086
–. 2098

–. 2115
–. 2138
–. 2167
–. 2199
–. 2233

–. 2266
–. 2296
–. 2315
–. 2322
–. 2310

–. 2273
–. 2208
–. 2110
–. 1978
–. 1815

–. 1624
–. 1414
–. 1196
–. 0979
–. 0774

–. 0591
–. 0435
–. 0308
–. 0210
–. 0137

–. 0087
–. 0052
–. 0031
–. 0017
–. 0009

–. 0005
–. 0002
–. 0001
–. 0001

.0000

o
.2
.4

.:

L o
1.2
;:

is

20
22

$:
28

3.0
3.2
3.4
3.6
3.8

4,0
42

2:
48

5, 0
62

t:
5.8

6.0
6.2
6.4

f

o
–. 0007
–. 0013

.0002

.0056

: :;;:
.0637

: %:

.2179

.2964

.3896

.4975

.6199

.7560

1: %::
1.2349
1.4128

1“ 5971
L 7863
1.9792
21746
23718

25701
27692
29686
3.1684
3.3682

3.5681
3.7681
3.9681

/3= –0.1305, S.=1.o

jl

o-
–. 0048

.0004

.0155

.0400

.0736

.1159

.1661

:%%

.3565

.4288

.5028

.5762

.6472

.7135

.7737

.8263

.8707

.9068

.9351

.9563

.9716

.9822

.9892

.9937

.9964

.9981

.9990

.9995

.9997

:%%

P

-0.0500
.0014
.0511
. ;:3:

.1900

.2319

.2704

.3046

.3331

. 3s45

.3672

.3702

.3627

.3449

.3176

.2828

.2430

.2012

.1603

.1227

.0903

.0637

.0432

.0281

.0175

.0105

.0061

.0034

.0018

.0009

.0005

.0002

s

1.0000
.9372
.8744
.8117
.7489

.6862

.6237

.5616

.5004

.4404

.3822

.3266

.2741

.2256

.1817

.1428

.1095

.0816

.0591

.0414

. 02s2

.0186

.0118

.0072

.0043

.0025

.0014

.0007

.0004

.0002

.0001

.0000

.0000

s’

–o. 3139
–. 3139
–. 3139
–. 3140
–. 3138

–. 3132
–. 3116
–. 3085
–. 3035
–. 2959

–. 2852
–. 2709
–. 2530
–. 2316
–. 2072

–. 1806
–. 1530
–. 1257
–. 0999
–. 0767

–. 0567
–. 0404
–. 0277
–. 0183
–. 0116

–. 0071
–. o@42
–. 0024
–. 0013
–. 0007

–. 0003
–. 0001
–. 0001

43587 %57~1
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TABLE L-Continued. SIMILAR SOLUTIONS OF LAMINAR COhfX’RESSIBLE BOUNDARY-LAYER EQUATIONS.

o
.2
.4

.!

1.0
1.2
1.4
L6
1.8

2.0

::
26
28

::
3.4
3.6
3.8

$.:
44

2:

6.0

::

5.8

:;
64

f

o
.0003
.0027
.0091
.0213

.0413

.0706

.1108

.1634

.2293

.3094

.4043

.5139

. %

1: K%
1.2583
1.4371
1.6221

1.8118
20051
22008
23981
25966

27957
29952
3.1949
3.3948
3.5947

3.7947
3.9947
41947

B= –0.1295, &Y=l.O

f’

o
.0051
.0203
.0450
.0790

.1218

.1727

.2309

.2953

.3647

.4373

.5114

.6847

.6553

.7211

.7804

.8321

.8756

.9107

.9381

.9585

.9731

.9832

.9899

.9941

.9967

.9982

.9991

.9995

.9998

1: :%%
1.0000

J-

0
.0509
.1001
.1473
.1924

.2347

.2735

.3076

.3358

.3565

.3684

.3702

.3615

.3425

.3141

.2784

. 23s3s

.1556

.1185

.0867

.0609

.0410

.0265

.0165

.0098

.0056

.0031

.0017

.0008

.0004

.0001

.0003

s

1.0000
.9322
.8645
.7967
.7291

.6618

.5951

.5293

.4650

.4027

.3433

.2874

.2359

.1894

.1485

.1134

.0843

.0608

.0426

.0289

.0189

.0120

.0074

. OOM

.0026

.0015

.0009

.0005

.0003

.0002

.0002

.0002

.0001

s’

–O. 3389
–. 3389
–. 3388
–. 3384
–. 3374

–. 3354
–. 3317
–. 3258
–. 3170
–. 3049

–. 2890
–. 2691
–. 2456
–. 2189
–. 1901

–. 1604
–. 1312
–. 1038
–. 0793
–. 0584

–. 0414
–. 0282
–. 0185
–. 0117
–. 0071

–. 0042
–. 0023
–. 0013
–. 0007
–. 0003

–. 0001
–. 0001
–. 0001

o
.2451
.4477
.6260
.7885

1: ?3!
1.2220
1.3568
1.4896

1.6220
1.7555
1.8918
z 0329
21815

23416
25192
27250

29818
3.0436
3.1105
3.1839
3.2656

3.3586
3.4107
3.4676
3.5305
3.6011
3.6821
3.7779
3.8964

40551
40950
41388
4, 1878
42433

4.3077
4.3847
4.4813
46129
& 8269

iti 9066

f

o
.0057
.0207
.0429
.0712

.1053

.1448

.1897

.2402

.2967

.3595

.4296

.5080

.5962

.6966

.8128
9605

1:1204

L 3455
1.4013
1.4625
;. :;;;

1.6948
1.744
1.7989
1.8594
1.9278
20066
2.1002
2.2166

23734
24128
24563
z 5049
25601

26241
27008
27971
2 Q283
3.1420

4.2215

+-0.1, S.=1.o

f,

o
.050
.100
.150
.200

.250

.300

.360

.400

.460

.500

.550

.600

.650

.700

.750

.800

.850

.900

.910

.920

.930

.940

.960

.955

.960

.965

.970

.975

.980

.985

.990

.991

.992

.993

.994

.995

.996

.997

.998

.999

1.000

r

0.1805
.2284
.2654
.2954
.3199

.3308

.3554

.3670

.3745

.3778

.3769

.3716

.3616

.3463

.3255

.2985

.2642

.2215

.1682

.1660

.1431

.1295

.1152

.1000

.0920

.0838

.0753

.0664

.0571

.0474

.0372

.0262

.0239

.0216

.0192

.0168

.0143

.0117

.0090

.0062

.0033

.0000

s

1.0000
.9012
.8197
.7482
.6836

.62-41

.6684

.6160

.4662

.4186

.3731

.3293

.2872

.2466

.2071

.1691

.1324

.0960

.0628

.0661

.0496

.0430

.0366

.0302

.0270

.0239

.0208

.0177

.0146

.0116

.0086

.0066

.0060

.0046

.0030

.0033

.0027

.0022

.0016

.0010

.0006

.0000

s’

– 0.4033
–. 4027
–. 4016
–. 3093
–. 3966

–. 3904
–. 3834
–. 3747
–. 3640
–, 3613

–. 3364
–. 3192
–. 2904
–. 2770
–. 2617

–. 2231
–. 1908
–. 1642

–. 1124
–. 1033
–. 0038
–. 0841
–. 0730

–. 0634
–. 0680
–. 0624
–, 0467
–. 0400
–. 0348
–. 0286
–. 0221

–. 0164
–. 0140
–. 0126
–.0111
–. 0007

–. 0082
–. 006(3
–. 0061
–. 0036
–. 0018

.0000
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TABLE I.—Continued. SIMILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

o
,1

::
.4

::
,7
.8
,9

1.0
1.1
1, 2

;: :

1.5
1.6
1, 7
1.8
1.9

2.0
!.21
22
23
24

2,6
26
27
28
29

3.0
3.1
3.2
3, 3
3.4

3, 5
3, 6
3, 7
3, 8
3.9

2:
42
4.3
4.4

::
4.7

f

o
.0048
.0189
.0416
.0724

.1107

.1660

.2078

.2655

.3286

.3966

.4690

.5454

: %

.7942

. $l#&

1:0647
L 1682

1.2530
1.3489
1.4466
1.5430
1.6409

1.7394
;. ~;;

~ 0366
21361

22358
23355
24363
25352
26351

27350
Z 8350
29349
3.0349
3.1349

3.2349
3.3349
3.4349
3.5349
3.6349

3.7349
3.8349
3.9349

p=o.3, Sw=l.o

f’

o
.0953
.1848
.2685
.3466

.4192

.4863

.5481

.6047

.6563

.7029

.7449

.7826

.8157

.8450

.8706

.8928

.9119

. 9X31

.9419

.9534

.9629

.9708

.9771

.9823

.9864

.9897

.9922

.9942

.9957

.9969

.9977

.9984

.9989

.9992

.9995

.9996

.9998

.9998

.9999

i%%
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

f“

O. 9829
.9237
.8657
.8089
.7631

.6983

.6446

.5919

.5406

.4909

.4430

.3971

.3535

.3124

.2740

.2384

.2058

.1761

.1494

.1256

.1048

.0865

.0708

.0574

.0460

.0366

. 028S

.:%

.0132

.0100

.0075

.0055

.0040

.0029

.0021

.0015

.0010

.0007

.0006

.0003

.0002

.0001

.0001

.0001

.0000

.0000

.0000

s

L 0000
.0464
.8909
.8365
.7823

.7286

.6762

.6229

.5716

.5216

.4733

.4268

.3825

.3405

.3011

.2643

. ;;())

.1711

.1458

.1232

.1033

.0869

.0708

.0579

.0470

.0377

.0301

.0238

.0186

.0144

.0111

.0086

.0064

.0048

.0036

.0026

.0019

.0014

.0010

.0007

.0005

.0004

.0003

.0002

.0001

.0001

.0001

s

–o. 6457
–. 5456
–. 5450
–. 6434
–. 6403

–. 5354
–. 5284
–. 6189
–. 6067
–. 4919

–. 4744
–. 4644
–. 4319
–. 4074
–. 3811

–. 3635
–. 3251
–. 2963
–. 2676
–. 2395

–. 2123
–. 1864
–. 1621
–. 1396
–. 1190

–. 1006
–. 0841
–. 0606
–. 0671
–. @463

–. 0372
–. 0296
–. 0233
–. 0182
–. 0141

–. 0107
–. 0081
–. 0061
–. 0045
–. 0033

–. 0024
–. 0017
–. 0012
–. 0009
–. 0006

–. 0004
–. 0003
–. 0002

o
.2
.4

.:

::
L4
1.6
1.8

20
22
24
26
28

3.0
3.2
;:

3:8

40
42.
44
4.6
48

5.0
h2
6.4
6.6

f

o
.0234
.0886
.1879
.3161

.4640

.6295

.8069

1: %%

1.3800
1.5776
L 7766
L 9761
21760

23761
25762
27762
29763
3.1764

3.3764
3.6764
3.7765
3.9766
41765

& 3766
& 5766
47766
49765

9=0.5, Sm=l. o

f,

o
.2274
.4172
.6720
.6950

.7898

.8605

.9113

.9462

.9692

.9836

.9920

.9966

1: %::

L 0004
1.0004
1.0004
L 0003
L 0002

1.0002
1.0001
1.0001
L 0001
1.0001

1.0001
L 0000
1.0000
1.0000

f’

1.2351
1.0409
.8591
.6918
.6414

.4103

.3000

.2108

.1417

.0908

.0550

.0313

.0165

.0078

.0031

.0009
–. 0001
–. 0004
–. 0004
–. 0003

–. 0002
–. 0002
–. 0001
–. 0001
–. 0001

–. 0001
–. 0001
–. 0001
–. 0001

s

1.0000
.8855
.7717
.6599
.5623

.4513

.3592

.2780

.2088

.1521

.1072

.0732

.0484

.0310

.0193

.0117

.0069

.0041

.0026

.0016

.0011

.0008

.0007

.0006

.0006

0006
:0006
.0006
.0006

s’

–O. 5725
–. 6716
–. 5656
–. 5605
–. 5237

–. 4846
–. 4346
–. 3767
–. 3147
–. 2532

–. 1959
–. 1467
–. 1041
–. 0714
–. 0471

–. 0299
–. 0182
–. 0106
–. 0061
–. 0032

–. 0017
–. 0008
–. 0004
–. 0002
–. 0001

.0000

.0000

.0000

.0000

●
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TABLE I.—Continued. SIhIILAR SOLUTIONS OF LAMINAR COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

o
.1
.2

.;

.:

::
.9

i!
1.2
1.3
1.4

1.5
1.6
1.7
1.8
1.9

2.0

:;
23
24

25

;;
28
29

::

::
3.4

3.5
3.6

f

o
.0084
.0321

: %

.1776

.2455

. %2;

:4876

.5776

.6707

.7663

.8637

.9625

L 0623
1.1628
1.2637
L 3648
L 4661

L 5673
1.6685
L 7696
L S706
1.9714

20722
217243
22732
23736
24739

25741
26743
27744
28745
29746

3.0745
3.1746

f’

o
.1633

: 2%?
.5439

.6374

.7165

:2%
.8812

.9167

.9445

.9659

.9820

.9936

1.0019
L 0073
L 0105
L 0122
L 0126

1.0123
L 0115
L 0104
L 0091
L 0078

1.0065
L 0053
1.0043
1.0034
L 0026

1.0020
1.0014
1.0010
L 0006
L 0003

L 0001
.9999

1.7368
1.5403
1.3526
1.1758
L 0114

.8603

.7232

.6004

.4915

.3965

.3142

.2442

.1857

.1372

.0979

.0666

.0422

.0237

.0101

.0004

–. 0061
–. 0101
–. 0123
–. 0131
–. 0130

–. 0122
–. 0111
–. 0098
–. 0085
–. 0071

–. 0059
–. 0049
–. 0040
–. 0032
–. 0026

–. 0020
–. 0016

s

L 0000
.9334
.8770
.8167
.7649

.6948

.6357

.5781

.5223

.4687

.4176

.3694

.3243

.2826

.2444

.2096

.1783

.1505

.1259

.1045

.0860

.0702

.0563

.0456

.0363

.0286

.0224

.0174

.0134

.0103

.0078

.0059

.0045

.0034

.0026

: :::!

–O. 6164
–. 6152
–. 6140
–. 6110
–. 6053

–. 5965
–. 5840
–. 5677
–. 5476
–. 5238

–. 4967
—, 4666
–. 4343
–. 4003
–. 3664

–. 3302
–. 2954
–. 2617
–. 2294
–. 1992

–. 1711
–. 1456
–. 1226
–. 1022
–. 0843

–. 0689
–. 0557
–. 0446
–. 0354
–. 0277

–. 0216
–. 0166
–. 0126
–. 0095
–. 0071

–. 0053
–. 0038

o
.1
.2
.3
.4

.5

.!

.8

.9

1.0
L 1
1.2
1.3
1.4

1.5
L6
1.7

::

20

?;
23
24

i:
27
2.8
2 ‘9

3.0
3.1

2:
3.4

3.5

;.;

3.8

f

o
.0102
.0389
.0833
.1409

.2093

.2866

.3709

.4608

.5560

.6523

.7519

.8531

1: ;;E

1.1614
1.2646
1.3677
1.4706
1.5731

1.6754
L 7774
L 8791
1.9805
20816

21825
22832
23838
24843
26846

26849
27860
28862
29853
3.0853

3.1864
3.2864
3.3854
3.4854

13=1.6, S~=l.O

o
.1992
.3699
.6139
.6337

.7318

.8109

.8736

.9221

.9690

9861
1:0063
1.0182
1.0262
1.0305

1.0321
1.0316
L 0299
1.0274
L 0244

L 0212
L 0181
1.0152
1.0126
1.0102

1.0082
1.0066
L 0050
L 0039
1.0029

1.0022
1.0016
1.0011
1.0007
1.0006

1.0003
1.0001
1.0000
.9999

f’

21402
1.8464
1.6697
1.3160
1.0864

.8818

.7044

.5621

.4234

.3163

.2287

.1582

.1026

.0698

.0277

.0044
–. 0117
–. 0221
–. 0282
–. 0310

–. 0314
–. 0302
–. 0279
–. 0260
–. 0219

–. 0188
–. 0168
–. 0130
–. 0106
–. 0085

–. 0067
–. 0062
–. 0040
–. 0031
–. 0023

–. 0017
–. 0013
–: 0009
–. 0007

s

1.0000
.9368
.8716

: %!$

.6818

.6206

.6611

: z:;

.3974

.3489

: %::
.2261

.1913

.1612

.1347

.1116

. 0916

.0746

.0601

.0480

::%

: ;%
.0136
.0101
. OQ75

.0066

.0030

.0028

:%%

.0008

.0004

.0002

. 0000

s’

–_o:O&

–. 6408
–. 6370
–. 6300

–. 6191
–. 6040
–. 6846
–. 6607
–. 6329

–, 6017
–. 4677
–. 4316
–. 3043
–. 3666

–. 3191
–. 2827
–. 2478
–, 2160
–. 1847

–. 1670
–. 1321
–. 1100
–. 0907
–. 0740

–. 0608
–. 0478
–, 0370
–. 0207
–. 0231

–, 0177
–. 0136
–. 0101
–. 0076
–. 0066

–. 0041
–. 0030
–. 0021
–. 0016
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TABLE I.-Concluded. SIMILAR SOLUTIONS OF LAMINAR
COMPRESSIBLE BOUNDARY-LAYER EQUATIONS.

o

.;

::

.5

.;

.8

.9

1.0

i: ;
1.3
1.4

L 5
16
1.7
1.8
1.9

2.0
2.1
22
2.3
24

25
2.6
27
28
29

2;
3.2
3.3
3.4

3.5
3.6
3.7
3.8
3.9

40

f

o
.0118

. 1#

. 1689

.2344

.3187

.4097

.6056

.6052

‘. 7072
.8108

i %&
1.1254

L 2303
L 3349
1.4390
1. S426
L 6458

1.7485
L 8508
L 9627
20542
21554

22564
23572
24578
25583
2.6587

2 7&39
28591
29593
3.0594
3.1595

3.2596
3.3596
3.4697
3.5697
3.6598

3.7598

19=2.0, J%=l.o

f

o
.2291
.422

.7031

.8025

.8793

.9372

i %::

L 0294
L 0418
L 04S4
1.0508
1.0502

L 0475
1.0436
1.0390
1.0341
L 0293

L 0248
1.0207
L 0170
1.0138
1.0111

L 0088
1.0069
L 0054
L 0041
L 0032

1.0024
1.0018
L 0014
1.0011
1.0008

1.0006
L 0005
L 0004
1.0004
1.0003

1.0003

24878
20971
L 7341
1.4072
1.1204

.8743

.6671

.4958

.3566

.2455

.1587

.0921

.0425

.0067
–. 0180

–. 0341
–. 0436
–. 0478
–. 0486
–. 0468

–. 0434
–. 0391
–. 0344
–. 0296
–. 0250

–. 0208
–. 0170
–. 0137
–. 0109
–. 0086

–. 0066
–. 0051
–. 0038
–. 0028
–. 0021

–. 0015
–. 0011
–. 0007
–. 0005
–. 0003

–. 0002

s

1.0000

: :;:

.7370

.6729

.6103

.5497

.4915

.4362

.3841

.3366

.2909

.2500

.2132

.1802

.1511

.1256

.1035

.0846

.0685

.0660

.0438

.0346

.0271

.0210

.0162

.0123

.0094

.0070

.0053

.0039

.0029

.0022

.0016

.0012

.0009

.0007

.0006

.0004

.0004

s’

–O. 6613
–. 6611
–. 6593
–. 6548
–. 6466

–. 6341
–. 6168
–. 5948
–. 5682
–. 5375

–. 5034
–. 4666
–. 4280
–. 3885
–. 3490

–. 3102
–. 2729
–. 2375
–. 2046
–. 1745

–. 1473
–. 1230
–. 1017
–. 0832
–. 0674

–. 0541
–. 0429
–. 0338
–. 0263
–. 0202

–. 0154
–. 0117
–. 0087
–. 0064
–. 0047

–. 0034
–. 0025
–. 0018
–. 0012
–. 0009

–. 0006
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TABLE IL-SUMMARY OF HEAT-TRANSFER AND WALL-SHEAR PARAMETERS

s’—n
s.s. s: H;,

–1.0

–O. 8

–O. 326
–. 3657
–. 3&34
–. 360
–. 30
–. 14
0

2 1%

–o. 10
–. 2685
–. 3088
–. 325
–. 3285
–. 3285
–. 325
–. 30
—. 14
0

i:
200

0
.0500
.1400
.2448
.3182
.4166
.4696
.5806
.7381

0.2477
.2958
.3527
.4001
.4262
.4554
.4696
. :;g

0.2477
.2958
.3527
.4001
.4262
.4554
.4696
.4948
.5208

0
.3381

i 729
1.493

1.3200
1.0056
.6486
.3719
.2222
.0663

0
–. 1090
–. 2061

0.6400
. 6S71
.6400
.5908
. S498

–2 1396
– 1.8407
– 1.5762
– 1.4082
– 1.3289

2.063
1.530
1.013
.630
.404

134
0.

–. 257
–. 538

[~

●

2s o
1.828
1.708
1.501
1.396
1.138
.692
.610
.100

–. 083
–. 166

——

J~41

2:670
2.300
2.034
1.656
1.185
.760

1.830
2000
2347
2837

.4952

.4696

.4235

.3833

– 1.2503
–L 2168
–L 1625
–1. 1107

–O. 0686
–. 0500

0.0447
.1829
.2261

. F2

.2818

.2913

.3155

.359

.3757

.403

.4261

.4331

0.0559
.2286
.2826
.3181
.3305
. ;:2g

.3944

.4488

.4696

.5038

.5326

.5414

–2 456
.4374

(*)
[]
*

O. 6’74
.6335
.6286

Us

– 1. ;211
– 1.3767
– 1.3300
– 1.2589
– 1.2225
–1. 1381
– 1.0134

–. 9744
–. 9136
–. 8707
–. 8590

~ (452
1:1579

0
. O&

o
.3100
.4194
.6245
.7438

L 058
1.712
2000
2599.
3.263
3.502

L 0738
.9298
.8524
.6624
.3485
.2436
.0814

–. 0304
–. 0591

.1100

.1354

.2086

.3841

.4696

.6647

.8689

.0480

.6193

.6107

.5821

.5037

.4696

.4091

.3659

.3551

–o. 4

0

1.0

–o. 235
–. 246
–. 2483

❑: %
o

2::

–o.
o

0500 0.0447
.1249
.1360
.1474
.1626
.1878

. Z:4

O. 1118
.3123
.3400
.3685
.4065
.4696
.5225
.5760

–O. 8049
0
.2941

~ g83

1:6079
1.4076
1.1274
.6308
.4501
.2234

0 &945

.6001

.5868

. ;g

.2944

_o(:042

–. 6471
–. 6076
–. 5534
–. 4872
–. 4428
–. 4089

0500
1064
2183
4696
7947
3329

i ;;15
2000
3.042
4628i

–o. 1947
—. 1988
—. 16
0

i %
L 60
200

–o. 0500
0
.1905
.4696

$90. 265

. 1%%

.5395

.5715

.5940

.6064

z &

1.708
1.217
.8045
.6482

. E;

“10.55
.552
. ;;;:

.2923

. ~:

J:32

3.004
2.501
2.208
2218
2180
2152

2%:
3.436
‘L 317
5.122
5.565

. 921+
1.2326
1.5213
L 6870

–o. 10
–. 1305
–. 1295
–. 10
0
.30

i%l
L 50
2.00

–O. 1613
–. 0500
0
.1805
.4696

i E%
1.7368
21402
2.4878

–O. 2076
–. 3139
–. 3388
–- 4033
–. 4696
–. 5457
–. 5725
–. 6154
–. 6425
–. 6613

0. ;;::

.3388

.4033

.4696

.5467

.5725

.6164

.6425

.6613

– L 554
–. 3186
0

i :%6
3.602
4315
5.644
6.662
7.527

0
*

3. 8;62
3.0765
Z 4360
L 8313
1.6472
1.3866
1.2382
1.1431

[)●

o. 5;77
[j
*

1,’100
1.3013

0.
6. ;22
5.671
5.187
5.403
6.012
7.850

11.125
17.105

.5425

.4696

.3334

.2740

.1766

.1113

.06683

1.2168
1.0662
1.0237
.9602
.0236
.9029

Wlk2s valaw were notdcdated.


